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AN EXPERIMENTAL INVESTIGATION OF BACKWARD FACING STEP 
FLOW 
SUMMARY 
Flow separation is one of the complicated aspects of viscous flow. It is a very 
important phenomena not only for science, but also for practical applications. 
Because of flow separation, energy losses occur. To control energy is a historical 
human desire. Controlling energy in cases in which fluid flow exists, means 
controlling flow separation. This can be achieved by understanding physical 
mechanisms, characteristics and the effects of flow separation.  
 
Flow separation is to be observed widely in different disciplines of science and 
technology such as aerospace industry, automotive industry, machinery and civil 
engineering. 
 
As could be observed in aeronautics there are numerous examples of flow separation. 
In cases of external flow at subsonic speeds such as in airborn vehicles, the 
streamline deviates, the drag increases, the lift decreases, and reverse flow and 
stalling occur. In the transonic speed range, control and structure problems are 
created by flow separations. For cases of internal flow, separation can cause 
reduction in efficiencies of fluid handling devices such as engines, turbines and 
compressors. 
 
Flow separation can also be useful. For example,  a  thin  airfoil which is suitable for 
high-speed flight may be made suitable for low speeds by separation of the flow. If 
the flow is allowed to separate over a portion of the upper surface and then reattaches 
and remains attached, a very thick pseudo-airfoil results. This thick airfoil is better 
suited for low speed flight. 
 
For another example of desirable flow separation, nose drag of a blunt body 
travelling at supersonic speed can be reduced considerably by placing a spike in front 
of the body. Because of the presence of the spike flow may separate forming a 
conical flow region which changes the shock wave from one nearly normal to an 
oblique one and by this way reduces the drag. Escape capsules and other stores, 
which must be ejected and recovered from high-speed vehicles, improve their 
performance by utilizing flow separation. 
 
Fluid handling machines such as pumps, turbines, fans, compressors and their parts 
like  diffusers,  channels,  pipes   etc.  are  directly  affected  by  the  flow  separation, 
because the peak  performances  of  these  machines  are  at flow conditions close the  
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separation. If the flow separates, more power is required  to compensate for energy 
loss, and unwanted results such as stalling may occur. 
 
The wind loading of civil engineering structures, in certain cases of extreme winds 
such as hurricanes, bora, thunderstorms, tornadoes, jet-effect winds etc., involves 
considerable complexities that must be taken into account in order to achieve safe 
and serviceable designs. To reduce or eliminate the effects of  extreme winds on 
buildings, tall structures, exterior glass and curtain walls, pedestrian areas, bridges, 
power plants etc., and wind-induced discomfort in and around buildings all types of 
atmospheric flow actions should be investigated. Flow separation is one of the 
important aspects of wind effects on structures and cities. 
 
there are numerous different disciplines and examples in real life applications such 
as biomechanics, enviromental engineering etc. The above examples are to show 
generally the large extend of the subject. 
 
It is to be understood from above examples that there are cases of need and 
avoidance of flow separation.  When flow separation is detrimental, it should be 
eliminated or reduced, and other when it is useful, it should be exploited to the full 
extent possible. 
 
Separated flows can be basically categorized as follows: 
 
1- By means of the flow type: 
a- Subsonic (incompressible and compressible) or supersonic,  
b- Laminar or turbulent,  
c- Steady or unsteady. 
 
2- By means of the geometry: 
a- Two dimensional or three dimensional, 
b- Over a smooth surface, 
c- Over discontinuous surfaces. 
 
Reasons for flow separation are mainly viscosity, adverse pressure gradient and 
surface discontinuities. There are numerous investigations about these parameters 
causing flow separation, observations on the  behavior and the structure of the 
separated flow in case of change of these parameters and several numerical studies in 
above catogeries and various disciplines. 
 
Separating flow over two dimensional backward facing steps is the simplest class of 
separated flows because the separation point is fixed and the flow leaves the 
boundary at zero angle of separation. The separation line is straight and fixed at the 
edge of the step, and there is only one separated zone instead of two, as seen in the 
flow over a fence or obstacle. In addition, the streamlines are nearly parallel to the 
wall at the separation point, so significant upstream influence occurs only 
downstream of separation. Because of these features of the backward facing step 
flow most of the research on separated flows has been done on it. 
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Although backward facing step flow offers one of the least complex separating and 
reattaching flows, the flowfield is still very complex. There are several parameters 
influencing the physical properties of the flowfield. Investigations conducted by a 
number of independent researchers using different techniques have numerous 
variations of the results. Although all of this research are in good quality and they 
separately serve to different purposes, much work is still needed in this subject. 
 
In the present work the backward facing step flow was chosen to investigate flow 
separation experimentally due to the reasons stated above.  The purposes of this 
study are listed as follows: 
 
a- The primary purpose is to add a complete and new set of surface pressure, shear 
stress, mean velocity and turbulence data to the related literature. To serve this 
purpose different geometries of same family of steps with common general 
dimensions were used. 
 
The step configurations in the available literature are generally sudden expansion 
type and channel type geometries with tunnel walls. To prepare a different data, a 
configuration with free upper boundary and high aspect ratio (step width/step 
height) was used. 
 
b- The backward facing step flow is also used often as a test case for CFD codes 
and turbulence models. Present study is aimed to provide reliable experimental 
data for numerical studies. 
 
c- Expanding physical understanding of backward facing step flow and also flow 
separation is the main purpose. 
 
In order to investigate backward facing step flow an Eiffell type open circuit 
subsonic wind tunnel of ITU Trisonic Aerodynamics Laboratory was used. 5 
different step geometries with the same height of 2 cm were employed in a 20 m/s 
freestream velocity with  a freestream turbulence intensity of 0.5%. Reynolds 
number based on the step height was 2.74x104. Aspect ratio of all the step models 
was 40. A strip of sand paper was used 24 step height upstream of the step to ensure 
a turbulent flow. Although separating and reattaching flows have generally an 
unsteady nature, present study was interested in time-averaged values of flow 
properties. Vortex shedding and instability in the free-shear layer were not 
investigated. 
 
Hot-wire anemometers are still one of the most reliable and most widely used 
instruments to measure mean velocity components and Reynolds stresses in turbulent 
flows. Constant temparature anemometers (CTA) measure flow velocity by sensing 
the changes in heat transfer from a small electrically heated sensor exposed to the 
fluid motion. The standard hot-wire anemometer consists essentially of a short length 
of very fine wire supported between two metal prongs and heated electrically. The 
air velocity is deduced from cooling produced by the air flow. Their generally small 
size and good frequency response makes them especially suitable for studying flow 
details, particularly in turbulent flow. Therefore, in the present study mean velocity 
and turbulence values of the flow and shear stress values on the wall of the steps 
were measured by utilizing a constant temperature hot-wire anemometer. Locations 
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of measurement were between 3 step height upstream and 20 step height downstream 
of the step. 
 
Surface pressure measurements provide useful information for obtaining flow 
directions. In the present study pressure distribution upstream and downstream of the 
step surface was obtained by measuring the time-averaged static pressure at various 
points. 
 
All the measurements mentioned above were performed on the centerline of the step 
models in the direction of the freestream flow, where flow properties are minimally 
effected by the three dimensionality of the flow. 
 
Flow visualization is a very effective and satisfactory technique for obtaining 
qualitative information. The analysis of photographs and films provides a 
considerable amount of information apart from measuring the quantities. In the 
present study, the surface oil-film technique was used to visualize the surface 
streamline or flow direction on the surface by coating the surface of the step model 
with oil film. 
 
Additionally some numerical work was also performed by using a commercial CFD 
code to make comparisons with the measured values. 
 
This work was produced reliable experimental data for further comparisons as aimed. 
With a complete and new set of surface pressure, shear stress, mean velocity and 
turbulence data and with additional support of flow visualization this aim has been 
fulfilled. 
 
Obtained results are in aggreement with literature. It is observed that the 
reattachment length for the step geometry with a circular base with section of a 
quarter circle is the shortest than the others. 
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GERİ BASAMAK AKIŞININ DENEYSEL İNCELENMESİ 
ÖZET 
Akım ayrılması akışkanlar mekaniğinde viskoz akışın en karmaşık konularından 
biridir. Bu sadece bilim için değil aynı zamanda pratikteki uygulamalar açısından da 
önem arz etmektedir. Çünkü akım ayrılması dolayısı ile enerji kayıpları meydana 
gelmektedir. Enerjinin kontrolü, insanlığın tarihin eski çağlarından beri elde etmeye 
çabaladığı bir hedeftir. Sıvı veya gaz akışının bulunduğu durumlardaki enerji 
kontrolü ise büyük ölçüde akım ayrılmasının kontrolü anlamına gelmektedir. Bunu 
başarabilmek için de akım ayrılmasının fiziksel yapısını, mekanizmasını, 
karakteristiklerini ve oluşturduğu etkileri anlayabilmek gerekmektedir. 
 
Akım ayrılması bilim ve teknolojinin, endüstrinin çok farklı disiplinlerinde karşımıza 
çıkmaktadır. Havacılık ve uzay endüstrisi, otomotiv endüstrisi, makina teknolojileri, 
inşaat mühendisliği gibi konular örnek gösterilebilir. 
 
Havacılıkta, hava araçlarında görülebileceği gibi sesaltı hızlardaki bir harici akışta 
akım ayrılması durumunda sürekleme artar, taşımada düşme gözlemlenir, ters yönde 
bir akış meydana gelir ve hız kaybı (stall) oluşur. Transonik hız aralığında akım 
ayrılması sebebiyle kontrol problemleri ve yapısal sorunlar görülür. Dahili akış 
hallerinde; motor, türbin, kompresör gibi akışkan içeren makinelerde akım ayrılması 
verimde düşmeye sebebiyet verebilir. 
 
Akım ayrılmasının kötü tarafları olmasına rağmen, yararlı olabileceği durumlar da 
söz konusudur. Örneğin, yüksek hızlı uçuş için uygun olan ince bir profil akım 
ayrılması kullanılarak düşük hızlar için uygun hale getirilebilir. Eğer profilin üst 
yüzeyinin belli bir bölümünde akımın ayrılmasına ve yeniden yüzeye yapışmasına 
müsaade edilir ve akım yüzeyde yapışık kalır ise ince profil sanki kalın bir profilmiş 
gibi davranır. Kalın profil ise düşük hızlı uçuşlar için daha uygundur. 
 
Akım ayrılmasının istenir olduğu duruma bir başka örnek de süpersonik hızda 
hareket eden küt bir cismin önüne sivri uçlu bir parça eklenmesi ile cismin burun 
sürüklemesini dikkat çekici ölçüde düşürebilmenin mümkün olmasıdır. Sivri 
parçanın varlığı akımın konik bir bölge yaratacak şekilde ayrılmasına sebebiyet 
vererek oluşacak şok dalgasının dik yerine eğik olmasını sağlamakta ve bu şekilde 
sürüklemeyi azaltmaktadır. Yüksek hızlı hava araçlarından fırlatılan kaçış kapsülleri 
ve diğer yükler performanslarını akım ayrılmasının uygulanması ile arttırırlar. 
 
Pompalar, türbinler, fanlar, kompresörler gibi akışkan içeren makineler ve bunların 
difüzörler, kanallar, borular gibi bölümleri akım ayrılmasından direk olarak 
etkilenirler, çünkü bu makinelerin en iyi performansları ayrılmaya yakın akım 
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şartlarında gerçekleşir. Eğer akım ayrılırsa enerji kaybını karşılamak için daha fazla 
güç gerekir ve istenmeyen sonuçlarla karşılaşılabilir. 
 
İnşaat ve şehir planlama mühendisliğinde, yapılar üzerindeki rüzgar yüklerinin aşırı 
olarak niteleyeceğimiz fırtına, bora, kasırga, tornado gibi durumlarda meydana 
getirdikleri karmaşaların, güvenilir ve kullanışlı dizaynların başarılı bir şekilde 
yapılabilmesi için gözönüne alınması gerekmektedir. Rüzgar yüklerinin binalar ve 
yerleşim merkezlerinde meydana getirdikleri zararların önlenebilmesi için her türlü 
atmosferik akışın incelenmesi önemlidir. Akım ayrılması da binalar ve şehirler 
üzerindeki rüzgar etkisinin önemli konularından bir tanesidir. 
 
Belirtilen bu konulardaki örnekler kuşkusuz bunlarla sınırlı değildir. Sayısız farklı 
disiplinde gerçek hayatta, biyomekanik, çevre mühendisliği gibi konularda da bir çok 
uygulamaya rastlamak mümkündür. Örnekler konunun büyüklüğünü genel olarak 
göstermektedir. 
 
Örneklerden anlaşılmaktadır ki, akım ayrılmasına ihtiyaç duyduğumuz ve ondan 
kaçınmamız gereken farklı durumlar mümkündür. Eğer akım ayrılması tehlikeli ve 
zararlı bir durum oluşturuyorsa ortadan kaldırılmalı ya da azaltılmalıdır. Tersi 
durumda ise mümkün olan en yüksek seviyede ondan yararlanmaya bakılmalıdır. Bu 
ise, akım ayrılması üzerinde çok sayıda araştırmalar yaparak sağlanabilir. 
 
Akım ayrılması temel olarak şu şekilde sınıflandırılabilir: 
 
1- Akım tipine göre: 
a- Sesaltı (sıkıştırılabilir veya sıkıştırılamaz) ve sesüstü, 
b- Laminer veya türbülanslı, 
c- Daimi veya daimi olmayan. 
 
2- Geometriye bağlı olarak: 
a- İki boyutlu veya üç boyutlu, 
b- Düzgün ve sürekli yüzeyler üzerinde, 
c- Süreksizlikler içeren yüzeyler üzerinde. 
 
Akım ayrılmasının ana nedenleri viskozite, ters basınç gradyeni ve yüzey 
süreksizlikleridir. Akım ayrılmasına neden olan bu parametreler üzerinde ve 
değişimlerinin akım ayrılmasına nasıl etkidiği hakkında yukarıda belirtilen 
sınıflandırmada bir çok araştırma mevcuttur. 
 
İki boyutlu geri basamak üzerindeki ayrılan akım en basit uygulamadır. Çünkü, 
ayrılma noktası belli ve sabittir, akım yüzeyi sıfır ayrılma açısıyla terk eder. Ayrılma 
hattı, basamağın kenarında doğrusal ve sabittir. Engel üzerindeki akımda olduğu gibi 
iki ayrılma bölgesi yerine sadece bir tane meydana gelmektedir. Geri basamak 
akışının bu özelliklerinden dolayı ayrılmış akımlar üzerinde yapılan çalışmaların 
çoğu bu konudadır. 
 
Geri basamak akışı, en az karmaşıklık içeren, ayrılan ve yapışan akımlardan biri 
olmasına rağmen akım yapısı yine de son derece karmaşıktır. Akım yapısının fiziksel 
özelliklerini  etkileyen bir çok parametre mevcuttur. Birbirinden bağımsız çok sayıda  
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araştırmacı tarafından farklı teknikler kullanılarak yapılan araştırmalar sonuçlarda 
değişimler göstermektedir. Bu çalışmaların hepsi son derece kaliteli ve ayrı ayrı 
farklı amaçlara hizmet ekmekte olsalar da bu konuda halen daha fazla araştırmaya 
ihtiyaç duyulmaktadır. 
 
Bu çalışmada, akım ayrılmasının deneysel olarak incelenmesi için yukarıda belirtilen 
sebeplerden dolayı geri basamak akışı seçilmiştir. Bu çalışmanın amaçları aşağıda 
listelenmiştir: 
 
a- Çalışmanın birincil amacı, ilgili literatüre tam ve yeni bir seri basınç dağılımı, 
kayma gerilmesi, hız ve türbülans datası sunmaktır. Bu amaca hizmet etmek 
maksadıyla ortak genel boyutlara sahip aynı aileden farklı geometrilerde 
basamak modelleri kullanılmıştır. 
 
Mevcut literatürdeki basamak konfigürasyonları ani genişleme tipi ya da kanal 
şeklinde tünel duvarlarına sahip geometrileri içermektedir. Farklı bir data 
hazırlayabilmek için üst sınırda serbest olan ve yüksek açıklık oranına ( basamak 
genişliği / basamak yüksekliği) sahip olan geometriler kullanılmıştır. 
 
b- Geri basamak akışı sıklıkla sayısal yöntemler ile hazırlanan bilgisayar kodları ve 
türbülans modelleri için bir test akışı olarak da kullanılmaktadır. Bu çalışma, 
sayısal çalışmalar için güvenilir deneysel data sağlamayı da hedeflemektedir. 
 
c- Ayrıca geri basamak akışındaki ve akım ayrılmasındaki fiziksel yapının 
anlaşılması için bilgi dağarcığını arttırmak ana hedeftir. 
 
Geri basamak akışının incelenmesinde İTÜ Trisonik Aerodinamik Laboratuarına ait 
Eiffell tipi açık devreli sesaltı bir hava tüneli kullanılmıştır. 5 değişik basamak 
geometrisi üzerinde basamak yüksekliği 2 cm olmak üzere deneyler 
gerçekleştirilmiştir. Deneyler sırasında hava tünelinin serbest akım hızı 20 m/s, 
serbest akım türbülans değeri ise % 0.5’dir. Basamak yüksekliği gözönüne alınarak 
hesaplanan Reynolds sayısı 2.74x104’tür. Basamak modellerinin hepsinde açıklık 
oranı 40’tır. Akımın türbülanslı olmasını garanti etmek amacıyla basamaktan 24 
basamak yüksekliği kadar geride zımpara kağıdından bir şerit yüzeye yapıştırılmıştır. 
Ayrılan ve yapışan akımlar genel olarak daimi olmayan bir doğaya sahiptir. Bu 
çalışmada akım özelliklerinin zaman ortalamaları ile ilgilenilmiştir. Vortex 
kopmaları ve serbest kayma tabakasındaki düzensizliklerle ilgilenilmemiştir. 
 
Sıcak tel anemometreleri, türbülanslı akımlarda hız komponentleri ve Reynold 
gerilmelerinin ölçülmesinde sıkça baş vurulan ve güvenilir cihazlardan biridir. Sabit 
sıcaklık anemometreleri, elektriksel olarak ısıtılmış küçük bir duyarganın akışkan 
hareketi içerisine sokularak ısı transferindeki değişmeleri hissetmesi yoluyla akım 
hızını ölçerler.Standard sıcak tel anemometresi, temel olarak kısa boylu çok ince bir 
telin iki metal uç arasına gerilmesinden ve bunun elektriksel olarak ısıtılmasından 
oluşur. Hava hızı, akışın meydana getirdiği soğumadan yola çıkılarak elde edilir. 
Genel olarak küçük boyutlu olması ve hızlı cevap vermesi özellikle türbülanslı 
akışlarda akımın detaylarını incelemede uygun hale getirmektedir. Bu nedenle, bu 
çalışmada akımın hız ve türbülans değerleri, ayrıca yüzeydeki kayma gerilmeleri bir 
sabit sıcaklık sıcak tel anemometresi kullanılarak ölçülmüştür. Ölçümler, basamaktan 
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3 basamak yüksekliği önce ve 20 basamak yüksekliği sonra aralığında 
gerçekleştirilmiştir. 
 
Yüzey basınç ölçümleri akım yönüyle ilgili yardımcı olabilecek bilgiler vermektedir. 
Basamak öncesi ve sonrası basınç dağılımları yüzey üzerinde çeşitli noktalardaki 
statik basınç değerlerinin zaman ortalamaları alınarak belirlenmiştir. 
 
Tüm ölçümler model ekseni üzerinde gerçekleştirilerek elde edilen değerlerin akımın 
üç boyutluluğundan en az etkilenmesi sağlanmıştır. 
 
Akım görünürlüğü, kalitatif bilgi edinmede en etkili ve başarılı tekniktir. Fotograf ve 
filmlerin analiz edilmesi ile ölçümler yanında dikkat çekicek miktarda bilgi 
sağlamaktadır. Bu çalışmada, yüzeydeki akım çizgileri ve akım yönünü görünür 
kılabilmek maksadıyla yüzey yağ-film tekniği kullanılmıştır. 
 
Son olarak deneysel çalışmalara ilave olarak temel basamak modeli için ticari bir 
CFD programı kullanılarak sayısal bir çalışma yapılmıştır. 
 
Çalışma belirlenmiş amaçlarına yönelik olarak karşılaştırmalar için güvenilir 
deneysel veri üretmiştir. Tam ve yeni bir seri basınç dağılımı, kayma gerilmesi, hız 
ve türbülans verisine ek olarak akım görünürlüğü deneyleri de gerçekleştirilerek bu 
amaca ulaşılmıştır. 
 
Elde edilen sonuçlar literatürdeki diğer sonuçlarla uyum sağlamaktadır. Akıma dik 
yöndeki yüzeyi çeyrek daire formunda bir eğime sahip olan basamak modelinin diğer 
modellere göre daha kısa bir yeniden yapışma uzunluğuna sahip olduğu 
belirlenmiştir.  
 
 
 
 
1. INTRODUCTION 
1.1. Introduction and Purpose of the Study 
Flow separation is one of the complicated aspects of viscous flow. It is a very 
important phenomena not only for science, but also for practical applications. 
Because of flow separation, energy losses occur. To control energy is a historical 
human desire. Controlling energy in cases in which fluid flow exists, means 
controlling flow separation. This can be achieved by understanding physical 
mechanisms, characteristics and the effects of flow separation. 
Flow separation is to be observed widely in different disciplines of science and 
technology. The purpose of this section is to highlight the importance of flow 
separation. Below is a brief introduction of the importance of the flow separation 
phenomena in different disciplines. 
a. Aerospace Industry 
In cases of external flow at subsonic speeds such as in airborn vehicles, the 
streamline deviates, the drag increases, the lift decreases, and reverse flow and 
stalling occur. In the transonic speed range, control and structure problems are 
created by flow separations. For cases of internal flow, separation can cause 
reduction in efficiencies of fluid handling devices such as engines, turbines and 
compressors [1]. 
Flow separation can also be useful. For example,  a  thin  airfoil which is suitable for 
high-speed flight may be made suitable for low speeds by separation of the flow. If 
the flow is allowed to separate over a portion of the upper surface and then reattaches 
and remains attached, a very thick pseudo-airfoil results. This thick airfoil is better 
suited for low speed flight [1]. 
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For another example of desirable flow separation, nose drag of a blunt body 
travelling at supersonic speed can be reduced considerably by placing a spike in front 
of the body. Because of the presence of the spike flow may separate forming a 
conical flow region which changes the shock wave from one nearly normal to an 
oblique one and by this way reduces the drag. Escape capsules and other stores, 
which must be ejected and recovered from high-speed vehicles, improve their 
performance by utilizing flow separation [1]. 
b. Automotive Industry 
In automotive industry, this phenomenon should be considered as the external flow 
over the body of a vehicle and internal flow through the engine as in the aerospace 
industry. To improve the performance of modern cars and trucks, their environmental 
quality, fuel economy the flow separation should be controlled. 
A car itself is a blunt body and has a drag  value of considerable amount which is to 
be reduced to decrease fuel consumption.  The main parameters effecting the drag of 
a vehicle are its shape, friction on the body surface and the pressure distribution on 
the body.  By changing the body shape of the vehicle all these parameters can be 
changed. Aft body of a car (which resembles a backward facing step) produces a 
wake region which is a recirculating zone resulted by separation of flow. With a 
proper aft body design and by controlling the flow separation drag can be reduced 
into an optimum value. 
c. Machine Industry 
Fluid handling machines such as pumps, turbines, fans, compressors and their parts 
like  diffusers,  channels,  pipes   etc.  are  directly  affected  by  the  flow  separation, 
because the peak performances of these machines are at flow conditions close the 
separation. If the flow separates, more power is required  to compensate for energy 
loss, and unwanted results such as stalling may occur. 
d. Civil Engineering 
Flow around structures and buildings is considerably more complex than flow around 
streamlined bodies and aircraft. The principal cause of complication is the presence 
of the ground and the shear created in the turbulent wind as a consequence. The 
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interaction between the shear flow and the structure produces static and dynamic 
loads. 
The wind loading of civil engineering structures, in certain cases of extreme winds 
such as hurricanes, bora, thunderstorms, tornadoes, jet-effect winds etc., involves 
considerable complexities that must be taken into account in order to achieve safe 
and serviceable designs. To reduce or eliminate the effects of  extreme winds on 
buildings, tall structures, exterior glass and curtain walls, pedestrian areas, bridges, 
power plants etc., and wind-induced discomfort in and around buildings all types of 
atmospheric flow actions should be investigated. Flow separation is one of the 
important aspects of wind effects on structures and cities. 
Even though the examples given above are not covering all of the applications, the 
author knows that there are numerous different disciplines and examples in real life 
applications such as biomechanics, enviromental engineering etc., but the aim of this 
study is not to list all of the existing flow separation cases. The above examples are 
to show generally the large extend of the subject. 
It is to be understood from above examples that there are cases of need and 
avoidance of flow separation.  When flow separation is detrimental, it should be 
eliminated or reduced, and other when it is useful, it should be exploited to the full 
extent possible. 
Separated flows can be basically categorized as follows: 
1- By means of the flow type: 
a- Subsonic (incompressible and compressible) or supersonic,  
b- Laminar or turbulent,  
c- Steady or unsteady. 
2- By means of the geometry: 
a- Two dimensional or three dimensional, 
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b- Over a smooth surface, 
c- Over discontinuous surfaces. 
Reasons for flow separation are mainly viscosity, adverse pressure gradient and 
surface discontinuities. There are numerous investigations about these parameters 
causing flow separation, observations on the  behavior and the structure of the 
separated flow in case of change of these parameters and several numerical studies in 
above catogeries and various disciplines. 
Separating flow over two dimensional backward facing steps is the simplest class of 
separated flows because the separation point is fixed and the flow leaves the 
boundary at zero angle of separation. The separation line is straight and fixed at the 
edge of the step, and there is only one separated zone instead of two, as seen in the 
flow over a fence or obstacle. In addition, the streamlines are nearly parallel to the 
wall at the separation point, so significant upstream influence occurs only 
downstream of separation [2]. Because of these features of the backward facing step 
flow most of the research on separated flows has been done on it [2-37].  
Although backward facing step flow offers one of the least complex separating and 
reattaching flows, the flowfield is still very complex. There are several parameters 
influencing the physical properties of the flowfield. Investigations conducted by a 
number of independent researchers using different techniques have numerous 
variations of the results. Although all of this research are in good quality and they 
separately serve to different purposes, much work is still needed in this subject. 
In the present work the backward facing step flow was chosen to investigate flow 
separation experimentally due to the reasons stated above.  The purposes of this 
study are listed as follows: 
a- The primary purpose is to add a complete and new set of surface pressure, shear 
stress, mean velocity and turbulence data to the related literature. To serve this 
purpose different geometries of same family of steps with common general 
dimensions were used. 
The step configurations in the available literature are generally sudden expansion 
type and channel type geometries with tunnel walls. To prepare a different data, a 
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configuration with free upper boundary and high aspect ratio (step width/step 
height) was used. 
b- The backward facing step flow is also used often as a test case for CFD codes 
and turbulence models. Present study is aimed to provide reliable experimental 
data for numerical studies. 
c- Expanding physical understanding of backward facing step flow and also flow 
separation is the main purpose. 
In order to investigate backward facing step flow an Eiffell type open circuit 
subsonic wind tunnel of ITU Trisonic Aerodynamics Laboratory was used. 5 
different step geometries with the same height of 2 cm were employed in a 20 m/s 
freestream velocity with  a freestream turbulence intensity of 0.5%. Reynolds 
number based on the step height was 2.74x104. Aspect ratio of all the step models 
was 40. A strip of sand paper was used 24 step height upstream of the step to ensure 
a turbulent flow. Although separating and reattaching flows have generally an 
unsteady nature, present study was interested in time-averaged values of flow 
properties. Vortex shedding and instability in the free-shear layer were not 
investigated. 
Hot-wire anemometers are still one of the most reliable and most widely used 
instruments to measure mean velocity components and Reynolds stresses in turbulent 
flows. Constant temparature anemometers (CTA) measure flow velocity by sensing 
the changes in heat transfer from a small electrically heated sensor exposed to the 
fluid motion. The standard hot-wire anemometer consists essentially of a short length 
of very fine wire supported between two metal prongs and heated electrically. The 
air velocity is deduced from cooling produced by the air flow. Their generally small 
size and good frequency response makes them especially suitable for studying flow 
details, particularly in turbulent flow. Therefore, in the present study mean velocity 
and turbulence values of the flow and shear stress values on the wall of the steps 
were measured by utilizing a constant temperature hot-wire anemometer. Locations 
of measurement were between 3 step height upstream and 20 step height downstream 
of the step. 
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Surface pressure measurements provide useful information for obtaining flow 
directions. In the present study pressure distribution upstream and downstream of the 
step surface was obtained by measuring the time-averaged static pressure at various 
points. 
All the measurements mentioned above were performed on the centerline of the step 
models in the direction of the freestream flow, where flow properties are minimally 
effected by the three dimensionality of the flow. 
Flow visualization is a very effective and satisfactory technique for obtaining 
qualitative information. The analysis of photographs and films provides a 
considerable amount of information apart from measuring the quantities. In the 
present study, the surface oil-film technique was used to visualize the surface 
streamline or flow direction on the surface by coating the surface of the step model 
with oil film. 
Some numerical work was also performed by using a commercial CFD code to make 
comparisons with the measured values. 
This study includes 5 chapters. Chapter 1 is introduction. In chapter 2, information 
about flow separation and backward facing step flow according to the literature  was 
given. Chapter 3 includes test setup, the instrumentation and experimental 
techniques. Results and discussion are in Chapter 4. Concluding remarks and future 
recommendations are presented in Chapter 5. 
 
2. GENERAL STRUCTURE OF THE FLOW SEPARATION AND 
BACKWARD FACING STEP FLOW 
2.1. Introduction 
This chapter attempts to outline the mechanisms of the flow separation and backward 
facing step flow, to describe the characteristics and effects of parameters on 
separated flows by using available literature. Because of the complication of the 
subject, it is necessary to understand and define its physical aspects before examining 
the present study and its results. 
In this study the main subject of the present investigation is two dimensional, 
subsonic, incompressible, turbulent backward facing step flow. Therefore, related 
available literature was treated and studies considering flow types outside above 
stated  type such as laminar or supersonic step flows was not included, unless needed 
[2-37]. 
2.2 Flow Separation 
According to Chang [1] flow separation can be clasified in two types: 
a- Flow separation over a smooth surface, 
b- Flow separation over discontinous surfaces 
There are two factors for separation of flow over smooth surfaces, namely viscosity 
and adverse pressure gradient. If one of these two factors is missing, then the flow 
does not separate [1]. 
The influence of friction between the surface and the fluid adjacent to the surface 
acts to create a frictional force which retards the relative motion. The fluid feels a 
retarding force which decreases its local flow velocity. The influence of friction is to 
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create  V=0 right at the body surface. This is so called no-slip condition which 
dominates viscous flow. Just above the surface, the flow velocity is finite, but 
retarded. 
In the case of an increasing pressure distribution, the motion of the flow is already 
retarded by the effect of friction. Additionaly the flow must work its way along the 
surface against an increasing pressure, which than reduces the velocity. The flow, 
under the action of adverse pressure gradient, comes to a stop, and then, reverses its 
direction start moving back upstream [38]. 
Figure 2.1. corresponds to the early evolution of the flow. It separates from the 
surface between points 2 and 3, the fluid element shown at s3 is in reality different 
than shown at s1 and s2 because the primary flow moves away from the surface. 
 
Figure 2.1 : Separated flow induced by an adverse pressure gradient [38]. 
Compared to the main stream, the retarded flow in the boundary layer suffers a 
relatively greater deceleration, and since the momentum of the flow near the wall is 
small, the ability of the fluid to move forward against the pressure rise is limited. At 
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the point of separation, shear stress is zero or, in other words, viscous force vanishes. 
Owing to the reversal of the flow there is a considerable thickening of the boundary 
layer, and associated with it, there is a flow of boundary layer material into the 
outside region. At the point of separation one streamline intersects the wall at a 
definite angle, and the point of separation itself is determined by the condition that 
the velocity gradient normal to the wall vanishes there:  ( ) 0yu wall =∂∂ (separation) 
[39]. 
Figure 2.2. shows a separating flow as a sketch. It is to be seen here that the velocity 
profile downstream at the separation point has a point of inflection. 
 
Figure 2.2 : Velocity profile near the separation point [1]. 
If the body surface is of finite dimension, then flow separation is inevitable because 
the flow expands over the downstream edge and flows away from the wall. Thus, 
flow separates at the trailing edge of a wing, around a corner of a backward facing 
step, and at a cavity. 
Furthermore, flow also separates upstream of obstacles, such as a forward facing 
step, a spoiler etc. Because the fluid is not capable of reaching an infinetely large 
velocity at the sharp corner, as the streamline along the wall approaches the obstacle, 
it leaves the wall [40]. 
In Figure 2.3. some of the basic discontinuity types  causing separation have been 
presented. 
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Figure 2.3 : Basic discontinuities causing separation [40]. 
 
a- Backward Facing Step 
b- Cavity 
c- Forward Facing Step 
d- Spoiler
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2.3. Backward Facing Step Flow 
2.3.1. General Features of the Backward Facing Step Flow 
Although the backward facing step is the simplest separating and reattaching flow, 
the flowfield is still very complex. Figure 2.4 illustrates general structure of a 
backward facing step flow. The upstream boundary layer separates at the sharp 
corner forming a free shear layer. If the boundary layer is laminar, transition begins 
soon after separation, unless the Reynolds number is very low [2]. 
Figure 2.4 : Backward facing step flowfield. 
A backward facing step flow simply consists of an approaching boundary layer, a 
recirculation zone after the step and a shear layer with a dividing streamline between 
them, a reattachment point and finally a continuing shear  layer after the 
reattachment. 
The separated shear layer appears to be much like an ordinary plane-mixing layer 
through the first half of the separated flow region. The dividing streamline is only 
slightly curved, and the shear layer is thin enough that it is not affected by the 
presence of the wall. However, the reattaching shear layer differs from the plane-
mixing layer in one important aspect; the flow on the low-speed side of the shear 
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layer is highly turbulent, as opposed to the low turbulence level stream in a typical 
plane-mixing layer [2]. 
The separated shear layer curves sharply downward in the reattachment zone and 
impinges on the wall. Part of the shear layer fluid is deflected upstream into the 
recirculating flow by a strong adverse pressure gradient. The shear layer is subjected 
to the effects of stabilizing curvature, adverse pressure gradient, and strong 
interaction with the wall in the reattachment zone [2]. 
Reattachment is locus of points where the limiting streamline of the time-averaged 
flow rejoins the surface. Flow visualization shows that the length of the separation 
region fluctuated so that the impingement point of the shear layer moves up and 
downstream. Quantitative measurements confirmed this conclusion [2]. 
The recirculating flow region below the shear layer cannot be characterized as a dead 
air zone. The maximum measured backflow velocity is usually over 20% of the 
freestream velocity, and negative skin-friction coefficients as large as Cf=-0.0012 
(based on the freestream velocity) have been measured [2]. 
Downstream of reattachment, a new sub-boundary layer begins to grow up through 
the reattached shear layer. The measurements of Bradshaw and Wong [4] and Smyth 
[5] have shown that the outer part of the reattached shear layer still has most of the 
characteristics of a free-shear layer as much as 50 step heights downstream of 
reattachment. This observation demonstrates the remarkable persistence of the large-
scale eddies that are developed in the separated free-shear layer [2]. 
The flow structure in the reattachment region of a separating and reattaching flow 
affects the structure of the separated region and the downstream flow as well as local 
transfer coefficients (e.g., heat-transfer rate). The flowfield of downstream 
reattachment is affected by the flow structure at reattachment, since the reattachment 
zone forms the initial conditions for the subsequent flow development. The exact 
geometry and turbulence structure of the reattachment zone is governed by the 
separated shear-layer structure and the reattachment geometry. The nature, scale, and 
intensity of the turbulence structure in the shear layer, after separation is dependent 
upon the shear-layer initial conditions [6]. 
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The distinguishing feature for all separating and reattaching flows is the reattachment 
zone. The location of this zone, so called reattachment length and the flow structure 
of this zone  play an important role in establishing the properties of the recirculation 
region. Therefore, studies on the backward facing step flow such as [4,6-7,9-10] 
always state on the reattachment phenomena. 
In addition to above mentioned features of the backward facing step flow, some 
investigators [8,9] pay attention on the near-wall region in the recirculation zone. 
The near wall region is defined as the layer of fluid flowing in the reversed direction 
between the solid surface and the maximum reversed velocity. The maximum 
reversed velocity is the edge velocity for the shear layer that forms the near wall 
region. The flow above the near wall region is not a freestream in the conventional 
sense. Figure 2.5. shows the near wall region schematically. 
Figure 2.5 : Schematic of the backward facing step showing the near wall region [8]. 
2.3.2. Parameters Effecting Backward Facing Step Flow Structure 
The most important dependent parameter characterizing the backward facing step 
flowfield is the reattachment length. According to the review of Eaton and Jonhston 
[2], comparison of the reattachment length from various experiments provides insight 
into the effects of varying independent parameters. These are initial boundary layer 
state, initial boundary layer thickness, freestream turbulence, pressure gradient and 
aspect ratio. 
a- Initial boundary layer state: Changing the state (laminar/turbulent) of the 
separation boundary layer has a significant influence on the reattachment length. 
The flow apparently becomes independent of the Reynolds number when the 
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boundary layer is fully turbulent (Figure 2.6.). Layer originating from laminar 
boundary layers initially grow more rapidly than those originating from turbulent 
boundary layers [2]. 
Figure 2.6 : Dependence of the reattachment length on the state of the separating 
boundary layer [2]. 
b- Initial boundary layer thickness: Review of Eaton and Johnston [2] indicates that 
boundary layer thickness can be a strong effect on the reattachment length 
according to their data of reviewed studies.  They are also emphasizing for a 
further systematic study. An investigation about this issue from Westphal and 
Johnston [10] shows that reattachment length varies substantially with the 
thickness of the separating boundary layer. 
c- Freestream turbulence: Eaton and Johnston [2] suggests that high level of the free 
stream turbulence decrease the reattachment length. They made this suggestion 
due to the low values of reattachment length at some works where freestream 
turbulence has fairly high levels (>1%). In addition they state that the sensitivity  
to freestream turbulence is surprising since the separated shear layer is already 
strongly affected by the turbulence in the recirculating flow. 
In the work of Isomoto and Honami [11], behavior of a separated shear layer over 
a backward facing step and its reattachment is presented when a two dimensional 
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cavity or rod is installed upstream of the step in order to change local turbulence 
intensity in addition to grid turbulence in the freestream. They observed that as 
the turbulence level in the freestream became higher, the reattachment length 
became shorter. They have been investigated the turbulence intensity effects on 
the reattachment length systematically. By systematically varying the local 
turbulence near the wall at the separation point by use of a rod or cavity in 
addition to freestream turbulence they have presented Figure 2.7 to show the 
decrease in the reattachment length in case of increase in the maximum 
turbulence intensity upstream of the step. Their experimental results show that 
the near wall turbulence at the separation point is one of the representative and 
dominant parameters which affect the development of the separated shear layer 
and the reattachment process. 
Figure 2.7 : Reattachment length versus maximum turbulence intensity near the 
wall at the separation point [11]. 
d- Pressure gradient: The streamwise pressure gradient is in part controlled by the 
overall system geometry [2]. Kuehn [12] pointed out that a plot of reattachment 
length vs area expansion ratio for sudden expansion flows shows a very 
substantial effect of the pressure gradient on the reattachment length. In Figure 
2.8. a variation of reattachmnet length caused by expansion ratio Y1/Y0 (the ratio 
of the channel dimension downstream of the step to that upstream of the step). 
These data show an influence of adverse pressure gradient on the reattaching 
flow over a backward facing step. 
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Figure 2.8 : Effect of adverse pressure gradient on reattachment distance [12]. 
Ötügen’s work [13] on expansion ratio effects indicates the same result. 
Decreasing expansion ratios lead to faster growth rate of shear layer. Therefore, 
at smaller expansion ratio values, the separated layer must join the lower wall at a 
shorter distance from the step. This in turn should result in a smaller reattachment 
length. 
e- Aspect ratio: The aspect ratio of the flow apparatus (channel width/step height) 
have also an effect on the reattachment length. For aspect ratios less then ten, the 
reattachment length increases if the boundary layer at separation is laminar and 
decreases if it is turbulent. This effect is negligible for aspect ratios of greater 
then ten. 
From another point of view, i.e. considering turbulence intensities instead of the 
reattachment length, Berbee and Ellzey [14] studied the aspect ratio effect on the 
backward facing step flow. The experimental results presented in their paper 
indicate that for aspect ratios of 10 and 4, the mean velocity and turbulence 
intensity profiles  are constant across the width of the test section for either of the 
Reynolds numbers considered, but at a distance greater than three step heights 
downstream of the step, the peak turbulence intensity is greater for a higher 
aspect ratio and is relatively insensitive to Reynolds number. 
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2.3.3 Backward Facing Step Flow Investigations  
Eaton and Johnston [2] have summarized the data sets available at their time. This 
summary is listed the characteristic data of the two dimensional backward facing step 
flow investigated by several researchers (Table 2.1).  
For the present study a new summary was collected from the available literature 
published after Eaton and Johnston’s review. Table 2.2 lists the results of  these new 
data sets. 
The experiments listed in Table 2.1 and Table 2.2 have covered a wide range of 
initial and boundary conditions. One can see some measure of the effect of various 
parameters on the flow by examining both lists. 
While every study were focused on understanding the backward facing step flow 
structure they were investigated several aspects of the flow by working on veleocity 
and turbulence profiles [2-5,7-22,25,26,28-34,41], surface pressure distributions 
[3,6,8-10,16-18,22,23,27,29,32,33,37,41], skin friction distributions [4,7-10, 
16,17,22,30,32,33] and flow visualizations [24,42]. Data were taken by them using 
different measurement devices and techniques such as pressure probes, hot-wire 
anemometers, pulsed-wire anemometers and laser anemometers. Some researchers 
were investigated also different BFS geometries such as swept steps [27,29]. 
Table 2.1 : Summary of BFS data sets from Eaton and Johnston [2] 
Author(s) δs/H Reθ 
B.L. 
State 
ReH 
Free-
stream
Turb. 
(%) 
Aspect 
Ratio 
(Tunnel 
width/H) 
XR/H 
Expansion  
Ratio 
(Y1/Y0) 
Abbott & 
Kline 
0.16-
1.97 
800-
1600 
Turb. 
2x104-
5x104 
 2-15 7±1 
Sudden 
expansion 
Baker 0.71 3500 Turb. 5x104 0.15 18 
5.7-
6.0 
1.10 
Bradshow & 
Wong [4] 
0.13 730 Lam. 4.2 x104  30.5 6.0 
Sudden 
expansion 
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Table 2.1 : Summary of BFS data sets from Eaton and Johnston [2] (continued) 
Author(s) δs/H Reθ 
B.L. 
State 
ReH 
Free-
stream 
Turb. 
(%) 
Aspect 
Ratio 
(Tunnel 
width/H)
XR/H 
Expansion  
Ratio 
(Y1/Y0) 
Chandrsuda 0.04 570 Lam. 1.1x105 0.07 15 5.9 
Sudden 
expansion 
Denham 0.5 150 
Lam.
Turb. 
3x103  20 6.0 
2:3 
Sudden 
expansion 
Eaton & 
Johnston 
0.23 
0.23 
0.18 
890 
510 
240 
Turb.
Tran. 
Lam. 
3.9x104 
2.3x104 
1.1x104 
0.3 
1.0 
0.3 
12 
7.97 
8.2 
6.97 
3:5 
Sudden 
expansion 
Etheridge & 
Kemp [19] 
2.0 600 Tran.  2.0  5.0 
Free surface 
water channel 
Grant   Turb. 3.4 x103  23  
Small step in 
large tunnel 
Haminh & 
Chaissing 
0.5  Turb. 1x105 0.1 6.0 6.0 
5.5-6.6 
Sudden 
expansion 
Hsu 0.13 3300 Turb. 2.5x105 3.5 4.5 
>6.0 
(6.3) 
2:3 
Sudden 
expansion 
Kim et al. 
0.45 
0.30 
1400 Turb. 
3.0x104 
4.5x104 
0.6 
24 
16 
7±1 
3:4 
3:4.5 
Sudden 
expansion 
Kuehn [12]  
4950  
1200
0 
Turb.   
6 
12 
7 
6.74/
6.51 
3”-4” 
3.5”-4” 
Sudden 
expansion 
Narayanan 
et al. 
3.33-
0.2 
1800 Turb. 0.03 166-10 5.6-6.0  
Small step in 
large tunnel 
Rashed et al.    3.9x104 0.3 10 6.0 
2.4:2.8 
Sudden 
expansion 
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Table 2.1 : Summary of BFS data sets from Eaton and Johnston [2] (continued) 
Author(s) δs/H Reθ 
B.L. 
State 
ReH 
Free-
stream 
Turb. 
(%) 
Aspect 
Ratio 
(Tunnel 
width/H)
XR/H 
Expansion  
Ratio 
(Y1/Y0) 
Rothe & 
Johnston 
0.5 <900 Tran. 
Turb. 
 5.5 15 7  
Seki    3.3x104    Sudden 
expansion 
Smyth [5]   Turb. 7.0x103  30 6 Sudden 
expansion 
Tani 0.28 2100 Turb. 6x104  47.5 6.5-
6.9 
1.07 
Tropea & 
Durst 
2 1080 Tran.
Turb. 
5.5x103 2  15 Free surface 
water channel 
7.5:1 
Table 2.2 : Summary of BFS data sets  
Author(s) δs/H Reθ 
B.L. 
State 
ReH 
Free-
stream 
Turb. 
(%) 
Aspect 
Ratio 
(Tunnel 
width/H)
XR/H 
Expansion  
Ratio 
(Y1/Y0) 
Sinha et al. 
[3] 
2.24 
1.12 
0.56 
0.56 
187 Lam. 
662 
1324 
2648 
2956 
0.15 
64.8 
32.4 
16.2 
16.2 
~18.5 
~8.6 
~5.5 
~6.25 
1.02 
1.04 
1.09 
1.09 
Adams & 
Johnston 
[6,7] 
0-2 
0.138 
0.157 
 
Lam. 
& 
Turb. 
800-
4x105 
0.3-0.4 11.4 
 
6.5 
5.7 
1.25 
Adams & 
Johnston [8] 
1.0 3700 Turb. 3.6x104 0.3 11.4 6.4 1.25 
Westphal & 
Johnston 
[10] 
0.2 
0.4 
 Turb. 4.2x104 0.25 12 
8.0 
8.6 
1.67 
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Table 2.2 : Summary of BFS data sets (continued) 
Author(s) δs/H Reθ 
B.L. 
State 
ReH 
Free-
stream 
Turb. 
(%) 
Aspect 
Ratio 
(Tunnel 
width/H)
XR/H 
Expansion  
Ratio 
(Y1/Y0) 
Isomoto & 
Honami [11] 
0.5-
0.598 
1360-
2070 
Turb. 3.2x104 0.25-7.4 18 
6.09-
8.43 
1.5 
Ötügen [13]   Turb. 
8300 
16600 
35135 
0.7 
~31.2 
~15.6 
~7.4 
~6.9 
~6.6 
~6.3 
1.5-3.13 
Berbee & 
Ellzey [14] 
 
132 
100 
Lam. 
11000 
5000 
3.0 
1.6 
10 
4 
 1.5 
Armaly et al. 
[15] 
  
Lam.
Tran.
Turb. 
70-8000  36 Graph 1.94 
Driver & 
Seegmiller 
[16] 
~1.5 5000 Turb. 3.74x104  ~11.9 ~6.26 1.125 
Adams & 
Eaton [17] 
1.0 3500 Turb. 36000 0.2-0.4 11 6.6 1.33 
Devenport & 
Sutton [20] 
0.2 660   0.4 
Axisym
-metric 
10.7 1.875 
Troutt [21]  920 Turb. 45000 0.6 16.25 7 ~1.10 
Alemdar-
oğlu [22] 
0.6 1800  2.96x104 0.1  6  
Gai & 
Sharma [23] 
 400 
Tran.
Turb. 
1.1x104  17 6-7  
Badawy [24]    
4x104-
3.5x105 
 4 6 1.33 
Weber [25]   Turb. 1.9x104  ~78.8 4-5 1.02 
Nam Kim & 
Chung [26] 
0.54 1400  26500   5.86  
Sasaki et al. 
[29] 
  Turb. 
8000 
15000 
 
30 
15 
6.1 
4.7* 
1.17,2.0 
*30° swept 
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Table 2.2 : Summary of BFS data sets (continued) 
Author(s) δs/H Reθ 
B.L. 
State 
ReH 
Free-
stream 
Turb. 
(%) 
Aspect 
Ratio 
(Tunnel 
width/H)
XR/H 
Expansion  
Ratio 
(Y1/Y0) 
Jovic & 
Driver 
[30,32] 
2.00 
1.27 
1.20 
0.82 
0.82 
1650 
1650 
3600 
2400 
3600 
Turb. 6800 
10400 
25500 
25500 
37200 
 11-24.7 5.35 
6.35 
6.90 
6.70 
6.84 
1.09 
1.14 
1.14 
1.20 
1.20 
Jovic & 
Driver [33] 
1.2 610 Turb. 5000 <1 31 6±0.15 1.2 
Yoshikawa 
et al. [34] 
0.75 
0.21 
 Turb. 
26000 
92000 
0.7 
10 
2.9 
~6.38 
~5.63 
1.25 
Mouza et al. 
[35] 
   30-1800  25 Graph 2 
Lee & 
Mateescu 
[36] 
  
Lam. 
Tran. 
1150 
1150-
3000 
 40 Graph 1.17,2.0 
Ra & Chang 
[37] 
 
709 
1100 
690 
1000 
Turb. 
2x104 
3x104 
4.3x104 
6.6x104 
 
12.5 
5.56 
~5.86 
~5.0 
1.13 
1.30 
2.3.3.1 Velocity and Turbulence Profiles 
Mean velocity and turbulence quantities have been considered by many researchers 
for different purposes. There is a substantial variation between experiments 
performed by different researchers especially in the peak values of the turbulence 
intensity. The variation is caused generally by differences in the flows. 
It is difficult to compare velocity and turbulence profiles from different experiments 
due to the effects of different initial and boundary conditions. Much of the apparent 
differences between profiles from different experiments is caused by differences in 
the reattachment length [2]. One possible way to compare profiles from various 
experiments is to normalize the streamwise coordinate by using the reattacment 
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length value. In this way, features of the reattachment zone may be examined 
independent of experiment to experiment variation in the reattachment length. 
The turbulence intensity measurements do show a consistent pattern when the 
maximum intensity in a given profile is plotted as a function of  streamwise distance 
(Figure 2.9). In almost all cases, the turbulence intensity reaches a peak value 
approximately one step height upstream of reattachment, then decays rapidly [2]. 
According to Eaton and Johnston this decay of turbulance occurs in two stages. The 
first stage of decay is before reattachment which caused by the stabilizing curvature 
of the free-shear layer. And the second stage is downstream of reattachment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 : Maximum values of the streamwise turbulence intensity  [2]. 
Eaton and Johnston [2] stated that the locus of points (normal to the wall) where 
turbulence intensity is a maximum dips toward the wall in the reattachment zone and 
then moves back out away from the wall downstream of the reattachment. The point 
of  maximum turbulence intensity dips closer to the wall the shorter the reattachment 
length (Figure 2.10). Eaton and Johnston also stated that this pattern is almost 
universal for BFS experiments. 
 23
 
     Figure 2.10 : Vertical location of maximum turbulence intensity as a function of   
streamwise distance from the step [2]. 
Eaton and Johnston [2] have compared mean velocity profiles at reattachment for 
two previous experiments of them and the experiment of Etheridge and Kemp[19]. 
The initial conditions for these experiments ranged from a very thick (δs/H=2) 
turbulent boundary layer to a thin (δs/H=0.2) laminar boundary layer. The 
reattachment lengths ranged from 5 to 7.9 step heights. The velocity profiles are in 
excellent agreement in the inner layer (Figure 2.11). The differences in the outher 
layer are caused by differences in the boundary geometry among the three 
experiments. 
Sinha et al. [3] have investigated the BFS flow experimentally to study a parallel 
laminar separated shear layer. Mean velocity and turbulence intensity measurements 
were done by using a constant temperature hot wire anemometer with a single wire 
probe . Although they have  made the measurements for 3 different step heights, they 
have presented in their paper only one of the measured velocity and turbulence 
profiles for the step height 2.5 cm. (Figure 2.12). As can be seen in this figure their 
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measurements are after the step location covering the recirculation region and the 
shear layer after the reattachment. According to these measurements Sinha et al. gave 
the maximum reverse flow velocity as 0.28 U∞ which appears at x/H≅4. They stated 
that velocity profiles after reattachment appear to be typical of a redeveloping 
turbulent boundary layer. For the turbulence intensity profiles in the recirculation 
region they have observed two maxima. The upper maximum corresponds to the 
separating shear layer undergoing transition. 
       Figure 2.11 : Comparison of mean velocity profiles at reattachment from three 
different experiments [2]. 
 
Figure 2.12 : Mean velocity and turbulence intensity profiles [3]. 
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In the work of Bradshow and Wong [4] measurements were made behind a simple 
BFS with a thin laminar boundary layer at separation and were continued far enough 
downstream for the boundary layer to have returned to a nearly normal state. Mean 
velocity profiles were measured with a round pitot tube. And a few turbulence 
measurements were made using a CTA with a cross-wire probe. Measurements were 
made especially after the reattachment until x/H=52. They have observed the 
turbulent shear layer characteristics and compared the profiles with a conventional 
boundary layer. Velocity profiles they have measured were drawn in semi-
logarithmic plot (Figure 2.13). They have found that the profiles are different from 
that in a conventional boundary layer. Most of the profiles show a dip below the 
universal “inner law” profile. Even at the last station x/H=52 the profile is still very 
different. Despite this result they add that the surface sheer stress and the velocity 
fairly close to the surface are still connected by the logarithmic law. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 : Mean velocity profiles, semi-logarithmic plot [4]. 
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Smyth [5] was performed experiments on a double BFS. Mean velocities, streamwise 
and transverse turbulence intensities , together with shear stresses and turbulence 
kinetic energy were measured by using a laser Doppler anemometer. Results were 
given with respect to the duct height L instead of step height. Measurements were  
performed until x/L=12 which coressponds x/H= 72. Substantial increases were 
found in the streamwise turbulence intensities with values as high as 19.5% in the 
recirculation region. The maximum transverse and cross-stream turbulence 
intensities were approximately 13.5% and 13% respectively. Smyth indicated that 
there was no flow assymetry downstream of the double step and at  x/L=12 the flow 
fully regained a profile similar to that upstream of the step. The comparison of 
maximum turbulence intensities downstream of the step made by Smyth is identical 
to that of Eaton and Johnston [2] (Figure 2.9). 
In the work of Adams and Johnston [6,7] measurements were made to predict 
reattachment length of BFS flow for a wide range of Reynolds numbers between 
8000 < ReH < 40000 and initial boundary layer thickness 0 < δ/H < 2. Adams and 
Johnston used a laser Doppler anemometer to collect turbulence and velocity data. 
They were interested in streamwise turbulence intensity at reattachment region and 
maximum values of velocity in the recirculation region. They were tried to achieve 
the collapse of surface skin friction data for several BFS experiments of different 
expansion ratios by using (x-xR)/xR scaling for the streamwise distance. And they 
applied the same scaling for the maximum values of backflow velocity in the 
recirculation region (Figure 2.14). While the collapse is not perfect it confirms the 
utility of the scaling of  x coordinate by using the reattacment length. 
Adams and Johnston [8] were investigated also the flow and turbulence structure in a 
thin reversed flow layer under a recirculation zone for the case of a turbulent 
reattaching flow behind a BFS. The near wall region, defined as the layer of fluid 
flowing in the reversed direction between the solid surface and the maximum 
reversed velocity, were studied by performing detailed measurements. A number of 
techniques , including hot wire anemometry and laser Doppler anemometry, were 
used. Velocity and turbulence intensity profiles were measured. They observed that 
all the measurements in the recirculation region shows that the flow structure of the 
near wall region of a separated flow is different from that of a normal turbulent 
boundary layer. According to comparisons with other experiments Adams and 
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Johnston stated that the absence of a log-law region under separated flows seems a 
rather general result. And they added that the flow in the near wall region appears to 
be “laminar like” despite the high levels of fluctuation. 
      Figure 2.14 : Distribution of maximum reverse flow velocity in the recirculation 
region. X*: normalized distance, (x-xR)/xR [7]. 
Flow over a bluff plate with a long splitter plate in the plane of symmetry were 
investigated by Ruderich and Fernholz [9]. This work is cited here because the flow 
structure of the geometry is identical to BFS flow (Figure 2.15). Measurements of 
mean velocity, Reynolds shear stress and Reynolds normal stress distributions were 
carried out by hot wire and pulsed wire anemometry in this study. As a result of the 
measurements Ruderich and Fernholz stated that mean and fluctuating quantities 
show a self similar behavior in a short region upstream of reattachment and “profile 
similarity” in the separated shear layer and along the splitter plate downstream from 
reattachment. And also similar to the results of Adams and Johnston [8] they found 
out that the logarithmic law of the wall does not hold either in the reverse flow 
region or in a region about half the length of the bubble downstream from 
reattachment. 
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Figure 2.15 : Flow structure of a normal plate with a splitter plate [9]. 
In the work of Westphal and Johnston [10] the reattachment of a turbulent, two 
dimensional shear layer downstream of a BFS was studied experimentally. The work 
examined the effect of variations in inlet conditions on the process of reattachment. 
Velocity and turbulence data in the vicinity of reattachment were taken by using a 
CTA. Results were compared at nearly the same values of  (x-xR)/xR. Figure 2.16 
shows the velocity and turbulence intensity profiles near reattachment of 3 different 
step configurations. Velocity profiles are identical to the profiles in Figure 2.11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16 : Velocity and turbulence profiles near reattachment [10]. 
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Work of Isomoto and Honami [11] on the effect of inlet turbulence intensity on the 
reattachment presents mean velocity and turbulence intensity measurements taken by 
using a CTA. The study focused on the separation point and the following shear 
layer. Figure 2.7 given before shows the variation of reattachment length versus 
maximum turbulence intensity at the separation. Maximum values of streamwise 
turbulence intensities for several test setup configurations show similar 
characteristics (Figure 2.17). The stronger is the turbulence intensity the shorter is 
the reattachment length. Figure 2.18 shows turbulence intensity and velocity profile 
in the entrainment region for the two cases with the same inlet velocity profile. 
According to these results authors were concluded that: 
1- The reattachmentt length has a strong negative correlation with maximum 
turbulence intensity near the wall at separation, while the effect of the 
velocity distribution through the inlet boundary layer on the reattachment 
process is weak. 
2- Turbulence in the entrainment immediately downstream of the step plays 
an important role in determining the reattachment length. 
 
Figure 2.17 : Maximum values of streamwise turbulence intensity [11]. 
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Figure 2.18 : Turbulence intensity and velocity profile in the entrainment region for 
the two cases with the same inlet velocity profile [11]. 
Kuehn [12] investigated the effects of adverse pressure gradient on BFS flow. In 
addition to Figure 2.8 Kuehn gave velocity profiles downstream of reattachment  for 
two conditions (Figure 2.19). In both cases, the adverse pressure gradient through the 
reattachment region has greatly altered the profiles by decreasing the velocities. 
Also, as the adverse pressure gradient relaxes downstream of reattachmnet, the 
profiles gradually approach the fully developed reference profile measured upstream 
of the step. The stronger adverse pressure gradient (Y1/Y0=1.33) not only causes the 
reattachmentto move downstream, but it also distortsthese velocity profiles 
considerably more; velocities near the wall have been decreased more in magnitude 
and this velocity reduction extends further through the boundary layer. 
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Figure 2.19 : Velocity profiles downstream of reattachment [12]. 
2.3.3.2 Pressure Distribution 
Surface pressure distribution of BFS flow are characterized by a negative pressure 
immediately downstream of the step, followed by a pressure recovery in the 
reattachment region. This characteristic was observed by several investigators. Many 
of them tried to predict a universal plot for the pressure distribution. 
Gai and Sharma [23] performed experiments on a series of BFS with modified base 
geometris in order to study effects of 3-D disturbances. They investigated the 
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pressure distributions in the separation and reattachment regions. Their measurement 
for a BFS with plain base are shown in Figure 2.20 compared with other studies. 
 
Figure 2.20 : Pressure distribution for a BFS with plain base [23]. 
Gai and Sharma compared their data with the results from different authors. They 
found that there are differences in the downstream region and close to the step face, 
the agreement is fair in the reattachment zone. 
While investigating effects of the separating shear layer on the reattachment flow 
structure Adams and Johnston [6] were measured wall static pressure for different 
thicknesses of the approaching boundary layer. Figure 2.21 shows the results of these 
measurements. Here *pC  is defined as: 
 
minp,
minp,p*
p C1
C C
C −
−=
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Figure 2.21 : Pressure distribution for different boundary layer thicknesses [6]. 
As Adams and Johnston stated and can be seen in Figure 2.21 between δ/H = 0.25 
and 0.4, there is a steady decrease in the reattachment pressure rise with increasing 
δ/H. Correspondingly, the pressure gradient at reattachment is a strong function of 
upstream δ/H when δ/H is greater than 0.4. 
2.3.3.3 Skin Friction Distribution 
Wall shear stress or skin friction distribution has an importance on the determination 
of the reattachment length of BFS flow. Therefore measurements of wall shear stress 
were performed by various investigators. 
Adams and Johnston [7], while investigating the effect of the initial shear layer on 
the reattachment zone were performed wall shear stress measurements. They are 
interested in the effect of approaching boundary layer state on the skin friction 
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coeeficient. They compared Cf data of their own with the data from other 
investigators which have turbulent boundary layers at separation. Adams and 
Johnston’s two cases of three were turbulent, but one was laminar. According Figure 
2.22 they stated that boundary layer state has a noticeable effect on Cf within the 
separation zone. They also observed that both expansion ratio and boundary layer 
thickness δ/H has lesser importance when the streamwise direction is normalized by 
the reattachment distance. After that Adams and Johnston added that this situation 
reverses for downstream of reattachment. This time the level of skin friction is 
correlated with δ/H, not upstream boundary layer state.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22 : Skin friction coefficient as a function of X*= (x-xR)/xR [7]. 
In another work of Adams and Johnston [8] the near-wall zone of recirculation 
region of BFS flow was investigated. They plotted the same comparison in Figure 
2.22 only with the δ/H=1.0 data. They added to their conclusion in Ref.7 that  the 
collapse of the skin friction coefficient for turbulent boundary layer conditions may 
be a general result. 
Westphal and Johnston [10] presented their skin friction measurements and 
comparison with data of other investigators in Figure.2.23.  They stated that skin 
friction  in the reattachment zone seems to depend only upon the normalization of the 
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streamwise distance with the reattachment length. And they added that they are not 
expected the collapse of skin friction data for x>2xR. 
Figure 2.23 : Skin friction coefficient as a function of X*= (x-xR)/xR [10]. 
2.3.3.4 Flow Visualization 
Two of the references [24,42] were investigated separating and reattaching flows by 
performing flow visualization experiments.  
Jaroch [42] was performed experiments employing surface oil flow technique on the 
flow past a flat plate normal to the flow with a long splitter plate in its plane of 
symmetry. Experiments were done for a series of aspect ratios (1-37) in two type test 
setup, with and without end plates.  Jaroch did not recommend using end plates to 
improve two-dimensionality of the separated flow. He added that the concept of a 
two-dimensional separation bubble occuring in flows past two-dimensional models is 
unrealistic in a physical sense. The author of  present work does not agree with this 
statement, because with an aspect ratio high enough it is possible to produce a two-
dimensional flow structure in the symmetry line of the geometry. Even the 
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photograph of the flow visualization experiment with the largest aspect ratio from 
Jaroch’s work shows an acceptible result (Figure 2.24). 
   Figure 2.24 : Oil flow visualization on a flat plate normal to the flow with a long 
splitter plate in its plane of symmetry, Aspect Ratio = 37, large wind 
tunnel, no end plates [42]. 
Badawy et al. [24] investigated the side vortices of low aspect ratio BFS flows. They 
performed flow visualization experiments by changing step height and tunnel width. 
Figure 2.25 shows a result for aspect ratio 3.9 (h=18 mm, tunnel width=70 mm). 
Badawy et al. reported that reattachment length for tunnel width/tunnel hight  = 1 for 
ReH=1,7x105 and 3.5x105 is 6.6 and 6.4 respectively. 
Figure 2.25 : Oil flow visualization [24]. 
3. INSTRUMENTATION AND EXPERIMENTAL TECHNIQUES 
3.1. Introduction 
In this chapter, the experimental techniques, instrumentation and test facility used to 
predict and analize backward facing step flow were explained. This explanation 
includes wind tunnel specifications, model geometries, pressure and shear stress 
measurements on the surface of the models, static pressure, mean velocity and 
turbulence measurements in the flow structure on and around the models and flow 
visualization method. 
3.2. Wind Tunnel and Test Setup 
All the experiments in this study were performed in an Eiffel type subsonic wind 
tunnel of ITU Trisonic Aerodynamics Laboratory.  This is an open-circuit and by a 
DC motor operated wind tunnel with a 200x200x240 cm test chamber. Air collected 
by the inlet of the wind tunnel enters into the test chamber with a 80x80 cm section 
and leaves to the diffuser with a section of same dimensions. Distance between two 
sections is  140 cm. All the main components and general dimensions  of the wind 
tunnel are presented and a photograph can be seen in Figure 3.1. The freestream 
velocity in the test chamber available is maximum 40 m/s. In the present study all the 
experiments were conducted at a 20 m/s freestream velocity, which is a stable value 
for the tunnel. Turbulence intensity for 20 m/s freestream velocity in the test 
chamber was ∞′ U2u = 0.5%. Here 2u ′ is the RMS value of turbulence in the 
streamwise direction and ∞U is freestream velocity. 
In order to put the models in the freestream a table was designed between the jet exit 
and the diffuser inlet. This table was an adjustable table with two parts to make 
possible different step heights. A series of experiments with different step heights 
 38
were performed to decide for a contstant step height. 2 cm step height was chosen for 
the experiments to have high values for the aspect ratio, freestream boundary and 
downstream distances. Reynolds number based of the step height was 2.74x104. 
A 1.5 cm width strip of sand paper was used at x/H=-24 downstream of the step to be 
sure of a turbulent flow on the step. 
 
Figure 3.1 : A photograph of the wind tunnel. 
3.3. Test Models 
Five different step models with same height of 2 cm are used for the backward facing 
step. These are listed below: 
a- A simple step geometry. 
b- A step geometry with a slanted base of 45 degrees in the upstream direction. 
c- A step geometry with a slanted base of 45 degrees in the downstream direction. 
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d- A step geometry with a circular base with section of a half circle. 
e- A step geometry with a circular base with section of a quarter circle. 
Figure 3.2. shows all the geometries together. The idea behind these models is to see 
the differences in the flow structure around the step by adding simple geometrical 
shapes on the base of the basic step geometry. In order to do the comparison properly 
the base of the basic step geometry was chosen as reference station. 
According to the wind tunnel type and its test chamber, tests for a two dimensional 
study were possible. For the jet exit dimensions of 80x80 cm, the aspect ratio of the 
models is 40 and the expansion ratio is 40 (even there is no wall at the upper 
boundary of free jet and the actual wall of the wind tunnel very high corresponding 
to the step height). Two dimensionality of the flow was checked by the flow 
visualization experiments and static pressure measurements explained in Chapter 4. 
3.4. Experimental Techniques 
3.4.1. Surface Pressure Measurements 
Differential pressures may be conveniently defined as differences between time-
averaged pressures at two points in a fluid flow. A hole set with distances of  1 step 
height from x/H=-23 to x/H=40 were used to measure static pressure values on the 
model surfaces. The hole at tunnels jet exit was used as the reference pressure tap.  
For surface static pressure taps an “ideal” tap geometry is a small circular hole of less 
than ¼ mm in diameter drilled perpendicular to the surface on which the pressure is 
to be measured; the corner of the hole is perfectly sharp and squared off.  A 1 mm 
diameter should introduce an error of 1% of 1/2ρU02 compared with a hole diameter 
of ¼ mm [43]. In this study, holes drilled perpendicular to the surface has an inner 
diameter of 1 mm. The holes were arranged carefully so as to be free from surface 
imperfections. 
Static pressures at the model surfaces were taken from the pressure taps by using a 
micromanometer with an accuracy of ±1% connected to a computer by using a PCL-
 40
718 Interface Card. The micromanometer and interface card used are explained in 
appendices A [44] and B [45] respectively. 
 
Figure 3.2 : Test models (ölçüler mm). 
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Model 3 
 
 
 
 
 
 
 
Model 4 
 
 
 
 
 
 
 
Model 5 
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The surface pressure distrubution in the test chamber on the test setup without step 
geometry (flat plate case) was measured first to understand flow uniformity of the 
wind tunnel. The resulting pressure distribution was presented in Figure 3.3. It is 
quite of acceptable quality to conduct reliable experiments. 
Figure 3.3 : Surface pressure distribution for the flat plate case. 
3.4.2. Static Pressure Measurements 
In order to check the quality of the hot-wire mean velocity measurements, mean 
velocity profiles for the basic step case were obtained by using a pressure probe. 
These results were compared in Chapter 4. They are briefly in accordance with those 
of hot-wire results. 
Figure 3.4. shows detailed drawings of the pressure probe used. And in Figure 3.5 a 
zoomed view of the probe can be seen. 
3.4.3. Mean Velocity and Turbulence Measurements by Using  A Hot-Wire 
Anemometer 
Turbulence measurements in a complex flowfield has always been a complicated 
problem encountered by engineers. The hot-wire anemometer has been used for 
many years as a research tool in fluid mechanics in gasses and liquids. Despite the 
introduction of another velocity measurement techniques (i.e. Laser Doppler 
Velocimeter), its applications are still expanding. The hot-wire anemometer delivers 
at the output a truly analogue representation of the velocity fluctuations [46]. It is the 
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cheapest and most convenient method for the study of subsonic turbulence and 
transition processes [47-50] and a preferred instrumentation by many researchers 
especially for near wall measurements. 
Figure 3.4 : Pressure probe. 
 
Figure 3.5 : Zoomed view of the probe. 
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The small sensing element’s short response time and high sensitivity and significant 
interference with the original flow are good reasons for preferring hot-wire 
anemometer to other methods of measurements [51]. 
As a preffered instrument hot-wire anemometer has some limitations about flow 
direction especially in recirculating flow structure of separated flows. Despite the 
limitations and difficulties of this technique in separated flows, it provides important 
information related to the general structure of the flowfield at least qualitatively. This 
consideration makes it easy to obtain some information that is important for our 
engineering point of view. There are works [3,9,21] in the literature employed the 
hot-wire technique in the separated flows. 
A hot-wire anemometer has two main advantages over a pitot tube: 1- It is possible 
to place the hot-wire small size probe very close to the wall, 2- Its extremely rapid 
response allows the instantaneous velocity fluctuations, especially those of turbulent 
flow, to be measured. 
The standard hot-wire anemometer probe consists essentailly a short length of very 
fine wire supported between two metal prongs set approximately 3 mm apart and 
heated electrically. The hot-wire is aligned normal to the air stream. The air velocity 
is deduced from the cooling produced by the air flow, either by recording the current 
needed to maintain a constant wire temperature or by measuring the potantial 
difference across the wire with a constant current passing through it. 
Basic elements of a hot-wire anemometer are shown in Figure 3.6. 
Figure 3.6 : Basic elements of a constant-temperature hot-wire system [43]. 
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Common hot-wire materials are tungsten, platinum and platinum-iridium because of 
their availability in the small diameters. Tungsten has a high temperature coefficient 
or resistance and high strength. Platinum has a good temperature coefficient and does 
not oxidize. 
In this study, for the hot-wire measurements a constant temperature hot-wire 
anemometer (CTA) system of DISA components were used. For the measurement of 
velocity and turbulence intensity standatd typr platinum-plated tungsten hot-wire 
probes DISA 55P01 and 55P11 were used. 
A computer software for CTA named as “acqWIRE-DANTEC” was used to control 
the traversing system, to collect and evaluate the hot-wire data. 1024 samples were 
taken for each point with 1 kHz  sampling rate and 600 ms relaxation time. The 
probe traverses and data acquisition were done by automated computer control. 
The bridge control circuit was balanced to give a maximum system frequency 
response. Bridge output signal was low-pass filtered with a cut-off frequency of 20 
kHz to avoid aliasing. The filtered and amplified signal was then passed to the 
acquisition system for digitization with 12 bit resolution. The measured voltages 
from the hot-wire probe were interpreted assuming a “cosine law”. 
The hot-wire probes were calibrated in the freeastream of the wind tunnel depending 
on the difference between static pressure at the jet exit and the total pressure at the 
settling chamber. The output voltage was calibrated for a velocity range of 0-30 m/s. 
These data were fitted to the hot-wire power law with fourth order polynomials by 
means of a linear least-squares fit procedure resulting a function between hot-wire 
output voltage and velocity to be measured. During the tests the calibration of the 
probe was renewed in certain periods to avoid from changing environmental 
circumstances such as ambient temperature changes. A sample calibration graph was 
given in Figure 3.7. For these sample calibration data the temperature, overheat ratio 
and coefficient of resistance were 24°C, 0.8136 and 0.0036 respectively. 
The hot wire system used in this study is explained in Appendix C [52, 53]. The 
specifications of the software used for hot-wire measurements are given in Appendix 
D [54]. 
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Figure 3.7 : A sample for probe calibration. 
The hot wire was supported  in the wind tunnel on a metal construction by a 
computer controlled traversing mechanism capable of a linear motion along three 
axis (x, y and z) and rotation around z-axis.  The accuracy of the precision motion in 
all three directions was within ± 0.016 mm. The specifications of the traversing 
mechanism are given in Appendix E [55]. 
Hot-wire signals were digitized by a 12-bit successive A/D converter (Metrabyte 
DAS 20). The control of the traversing mechanism by the computer is supplied by an 
interface unit of GPIB-PCIIA. The specifications of these cards are given in 
Appendix B [45,56,57]. 
The units and connection of the hot-wire system is given in Figure 3.8. 
In the present study for each of the test models mean velocity and turbulence profiles 
were taken at the identical corresponding stations between x/H=-3 and x/H=20. 
3.4.4. Shear Stress Measurements 
Skin friction distribution has an importance  for the determination of points of 
transition and separation as well as heat transport. Therefore, in this study to predict 
the reattachment length of the recirculation zone after the step shear stress 
measurement were performed on the model surfaces. 
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Figure 3.8 :  Constant temperature hot-wire anemometer components. 
The shear stress measurement were made by using the constant temparature hot-wire 
anemometer and probes of type DISA 55R47 between x/H=0 and x/H=30.  
55R47 is a glue-on probe which consists of a quartz-coated nickel film deposited on 
a thin backing film foil can be glued to a surface to give qualitative information on 
the nature of the flow. 
Figure 3.9 shows a detailed sketch view of the glue-on probe. 
Figure 3.9 : Glue-on probe. 
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3.4.5. Flow Visualization 
Flow visualization is a very effective and satisfactory technique to establish an 
overall picture of the fluid and fluid-solid body interaction. 
In this study surface oil film technique was used to observe surface flow patterns.  
After many years of wind tunnel experience, the surface oil flow technique is taken 
as a standard technique for flow visualization. This technique enables one to take 
quickly and easily a picture of the flow pattern close to the surface of a solid body 
exposed to airflow. The surface is coated with a specially prepared paint consisting 
of a suitable oil and a fine pigment that yields the color to mixture. Due to the 
frictional forces, the air stream carries the oil with it , and the remaining streaky 
deposit of the pigment gives an information on the direction of flow and allows one 
to observe, in particular, the line of separation and reattachment. The surface oil-flow 
technique can only be of a qualitative nature and questions arise concerning the 
reliability of the indicated flow direction and presence of the oil sheet effects the 
original air flow [58]. 
In the present work, a proper mixture of gasoline, carbon dust and conventional 
motor oil were used for surface flow visualization. The model surfaces were painted 
with white color, so that the oil flow pattern could be visualized easily. After coating 
the surface with proper mixture, if the oil film was thin and pure enough then it took 
an identical form of the skin-friction lines and this view was photographed by a 
photo camera during tunnel run. 
4. RESULTS AND DISCUSSION 
4.1. Introduction   
In this chapter, the results of all the experiments are given. First of all some 
preliminary experiments made for testing the two-dimensionality of the flow and for 
choosing the size of the step, are presented. Mean velocity and turbulence intensity 
profiles for all the step models are shown and discussed. Then pressure distributions 
and the skin friction distributions are given. Finally, flow visualization results are 
presented. The data calculated with a commercial CFD code are also added for 
comparison with the experimental results (Appendix G). 
4.2 Preliminary Experiments 
Flow visualization experiments for the basic backward facing step geometry with the 
height values of H=10, 20, 30, 40 and 50 mm, are performed. Resulting oil pattern on 
the surface of the model is indicated that the flow structure in the lateral direction 
within a certain distance does not change. This result is also showed that the 
experiments to be made on the centerline of the models will not be influenced too 
much by the three-dimensionality of the flow. 
As a result of the flow visualization observations step height was chosen as H=20 
mm. For all the step heights between H=10 mm and H=50 mm, reattachment length 
values were measured as approximately xR=6H. Backward facing step with H=20 
mm was selected for further experiments, because xR distance with this height was 
126 mm, which gives enough distance for the far field measurements downstream of 
the reattachment, in the limit of the tunnel test chamber dimensions. 
For H=20 mm of step height, the flow structure remains uninfluenced by the three-
dimensionality within ± 250 mm (z/H=±12.5). 
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Static pressure measurements are made in the lateral direction downstream of the 
step at locations x/H=2.5 and x/H=15. These results presented in Figure 4.1 are in 
agreement with flow visualization observations. 
           Figure 4.1 : Pressure distributions in the lateral direction for locations 
x/H=2.5 and x/H=15 
4.3. Results of the Experiments 
4.3.1. Hot-wire Mean Velocity and Turbulence Measurements 
Figure 4.2a-c represents mean velocity profiles for Model 1, which is the basic step 
geometry. These measurements were made in the range x/H=-6 to x/H=20. To 
confirm the hot-wire results velocity profiles for 7 sample locations were also 
obtained by using pressure probe. The sample locations for pressure probe 
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measurements were selected from three flow regions. 3 of them were in the 
approaching boundary layer, 2 of them were in the recirculation region  and 2 were 
in the downstream of the reattachment. All the pressure probe results were in good 
agreement wih the hot-wire results, as seen in Figure 4.2a-c. Figure 4.3a-c to 4.6a-c 
show all the mean velocity profiles of Model 2-5, respectively.  
Momentum thickness Reynolds number Reθ at the separation is around 1.65x103. 
This value is enough to ensure that  separated boundary layer is turbulent according 
to Adams and Johnston [6,7] 
The output of hot wire anemometer do not indicate the flow direction; in other 
words, the mean velocity output of the hot wire anemometer is always positive. 
However, the reverse flow in the recirculation region could be identified with an 
increase and then a decrease in the positive voltage output of the anemometer for the 
mean velocity as the probe approached the surface, as may be seen in Figure 4.7. It is 
also known that high turbulence, which exists in and near a recirculation region, 
makes a contribution to the mean velocity output of the anemometer. Consequently, 
the mean velocity output of the anemometer for the zero mean velocity point in the 
recirculation region indicates a positive value instead of a zero value. Therefore, in 
Figure 4.7. point A corresponds to the zero mean velocity point A’. The shift 
between the points is the contribution of turbulence  to the mean velocity output of 
the anemometer. The mean velocity output of the anemometer for the points between 
point A and the surface corresponds to the reverse flow in the recirculation region 
and should be considered as negative although it is displayed as positive [59]. The 
mean velocity output of the anemometer for the recirculation regions were corrected 
in accordance with these facts as Atlı [59] suggested.  First the point A  was shifted 
to the point A’  which indicates zero mean velocity and then the signs of the outputs 
of the anemometer for the points between the zero mean velocity point and the 
surface were shifted to negative. Corrected reverse flow data were shown in Figure 
4.2a-c to 4.6a-c. 
Mean velocity profiles presented have features similar to those observed by other 
investigators. The reattachment region for all the models could be roughly identified. 
Recirculation region and flow downstream of reattachment could be clearly 
distinguished. Velocity profiles after the reattachment region appear to be typical of a 
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redeveloping  turbulent boundary layer. The maximum reverse velocity of u/U∞=0.21 
is at about 62% of reattachment length for all the models, where the wall pressure is 
almost minimum. This result is suitable with the results of Adams and Johnston [7] 
(Figure 4.8). And this maximum occurs about 0.1H above the bottom wall. Thus the 
entire reverse flow region is supplied by a very thin region near the wall. This is 
possible bacause of strong streamwise pressure gradient in this region. This thin 
region could be considered as a boundary layer growing in the negative direction 
[17]. 
In the approaching boundary layer and recirculation region mean velocity profiles 
reach a maximum higher than freestream velocity at about 1.95H above the bottom 
wall. Profiles return to the freestream value at higher vertical points. This maximum 
of velocity profiles is getting higher with increasing x/H values, but it is getting 
lower then while drawing near the reattachment point, and vanishes just before the 
reattachment. Figure 4.9 shows variation of maximum velocity along streamwise 
direction for all models. Highest maximum is approximately 1.05U∞ which occurs 
about 0.2xR just after the separation. Numerical results are supporting this behavior 
but the values are rather lower than experimental values. 
In the region downstream the reattachment the velocity still has an inflection point at 
x/H=20 indicating that an equilibrium boundary layer profile is not yet developed. 
Bradshaw and Wong [4] reported that at 52 step heights downstream of the step, the 
velocity profile is still very different from that in a conventional boundary layer.  
Figure 4.10a-c to 4.14a-c show all the turbulence profiles of Model 1-5, respectively. 
As could be seen in these figures turbulence intensity values before the reattachment 
region returns to freestream value at about 2.3H in y direction. But starting just 
before the reattachment the point where turbulence becomes freestream value is 
getting higher along the streamwise direction. This points representing the boundary 
of freestream turbulence conditions were plotted against x/xR in Figure 4.15. 
Turbulence intensity measurements do show a consistent pattern also when the 
maximum intensity in a given profile is plotted as a function of streamwise distance. 
In almost all cases, the turbulence intensity reaches a peak value approximately at 
about 0.9 xR, then decay rapidly. Figure 4.16 shows this behaviour along with Adams 
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and Eaton [17] data which is quite similar to present data. The locus of points 
(normal to the wall) where turbulence intensity is a maximum dips toward the wall in 
the reattachment region and then moves back out away from the wall downstream of 
reattachment (Figure 4.17). Eaton and Johnston [2] stated that the point of maximum 
turbulence intensity dips closer to the wall the shorter the reattachment length. While 
their data presented in Figure 4.17 shows this pattern present data has not such a 
behavior, instead they are collapsing in the recirculation region. 
It is observed that turbulence intensity in the recirculation region has another peak 
value in a location between the maximum turbulence point and bottom wall. This 
second peak is getting smaller towards the reattachment and vanishes after it. With 
increasing streamwise location turbulence profiles become smoother, but even at the 
last location of x/H=20 they are fairly far from being an equilibrium boundary layer 
turbulence profile. These characteristics could  be observed on all the models 
turbulence  profiles with no exception. 
Numerical results for mean velocity and turbulence profiles of Model 1 are in an 
acceptable agreement as could be seen in Figure 4.2a-c and 4.10a-c. Details of the 
calculations are explained in Appendix G.  
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Figure 4.7 : A sample diagram for the correction of mean velocity output of hot wire 
anemometer at a recirculation region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 : Maximum reverse flow velocity. 
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Figure 4.15 : Points where turbulence profiles meet freestream conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16 : Maximum values of the streamwise turbulence intensity. 
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Figure 4.17 : Vertical location of maximum turbulence intensity as a function of 
streamwise distance. 
4.3.2. Pressure Distributions 
In Figure 4.18, pressure distribution graphs were given for all the models. Pressure 
distributions for all models have a negative pressure immediately downstream of the 
step. In the reattachment region pressure rises rapidly making maximum just after the 
reattachment and then recovers to the state of upstream of the step. In Figure 4.18 
Fluent result for Model 1 is also given. Although general characteristics of the 
distribution are similar, values are below the values of those from experiments. Same 
results were presented in Figure 4.19 by normalizing the abcissa with the 
reattachment length value xR. All the pressure distribution graphs are matching on 
one curve, which confirms the reattachment length values obtained by shear stress 
measurements and flow visualization experiments. Because all the distributions are 
from the same family of steps the peak points are collapsing on each other. To make 
comparisons with different experiments normalizing Cp value is necessary, because 
there are a variety of results with different peak values. In order to do this CP is 
normalized as follows: 
min,max,
min,,*
pp
pip
p CC
CC
C −
−=  
 87
Figure 4.20 shows the comparison of pressure distribution of Model 1 with the 
results from different investigations by using above normalization of Cp values. The 
data of Adams and Johnston [6] is in good aggreement in the recirculation region 
with the present data. The difference for far field is due to the expansion ratio in 
other words pressure gradient. For the other results not collapsing the author of 
present study guesses that the reattachment lengths given for these works was not 
perfectly predicted. 
Figure 4.18 : Pressure distributions for all models. 
Figure 4.19 : Pressure distributions for all models, normalized by xR. 
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Figure 4.20 : Comparison of pressure distribution data. 
4.3.3. Skin Friction Distributions 
Shear stress measurements on the model surfaces were performed by employing the 
constant temperature hot-wire anemometer and glue-on probes. All measurements 
were focused on the downstream region of the step.  
Output voltage of the glue-on probe was calibrated for all the measurements 
separately, to obtain a shear stress value for a measured voltage value. Mean velocity 
profiles the flat plate for different freestream velocities were obtained and by using 
several methods corresponding shear stress values on the surface were calculated. A 
calibration relation between output voltage of the glue-on probe and the calculated 
shear stress values were established. 
Table 4.1 shows all the methods for calculation of wall shear stress values by using 
measured mean velocity profiles. Figure 4.21 shows difference between calculations. 
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
(x - xR)/xR
0.0
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p*
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Table 4.1 : Wall shear stress calculation methods 
Method Formula 
Schlichting [39] 4/1
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∞
∞ δ
νρτ
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Figure 4.21 : Comparison of shear stress calculation results 
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Coles’ formula was chosen to calibrate the output voltage of the probe, because it is 
the moderate one of all, as seen in Figure 4.21.  
Measured wall shear stress values were converted to nondimensonal skin friction 
coefficients by using 2U/0.5ρCf τ ∞∞= . The skin friction distributions obtained for 
all models are shown in Figure 4.22a-e separately. Here, the values in the 
recirculation region were positive, although actually they have to be negative. This is 
a result of the disadvantage of the hot-wire anemometer, which does not give the 
flow direction. So,  the recirculation region Cf  values were modified to show the 
actual values and presented with solid curves in the graphs, as seen in Figure 4.22a-e. 
Correction precedure is the same of velocity profiles which is explained before. 
The point, where 0Cf =  represents the distance between the reattachment and the 
step. The skin friction distributions were used to obtain the reattachment length 
values for all the models. 
All the skin friction distribution data is presented in Figure 4.23 by normalizing the 
abcissa with the reattachment length value xR. As could be seen in this figure all the 
distributions fall on top of each other. 
 
 
 
 
 
 
 
 
 
 
Figure 4.22a : Skin friction distribution for Model 1 
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Figure 4.22b : Skin friction distribution for Model 2 
 
 
Figure 4.22c : Skin friction distribution for Model 3 
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Figure 4.22d : Skin friction distribution for Model 4 
 
 
Figure 4.22e : Skin friction distribution for Model 5 
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Figure 4.23 : Skin friction distributions for all models, normalized by xR. 
Finally, the comparison made for the skin friction distribution for Model 1 with some 
data from references [7,8,10,16,17]. Resulting graph is not good as expected.  While 
the data before the reattachment region collapses some differences downstream is 
observed. This could be due to the differences of experiment conditions. 
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Figure 4.24 : Comparison of skin friction data. 
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4.3.4. Flow Visualization Results 
During the surface oil-film visualization on the backward facing step models 
photographs were taken and the reattachment length values for the models were 
measured. The photographs taken above the step geometries were presented in 
Figure 4.25a-e for all the models. Streamwise direction scale under the photographs 
is x/H. Surface skin friction lines indicates clearly where the flow reattaches to the 
wall and returns to the reverse direction. Reattachment length of  all the models were 
measured from the resulting surface pattern. 
    Figure 4.25 : Flow visualization photos for Model 1 to 5 top-down respectively, 
scale x/H 
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4.3.5. Reattachment Length 
Reattachment length, the distance from the step to the reattachment location, where 
Cf=0 is one of the important and general dimension of the flow structure on the 
backward facing step. Table 4.2 shows reattachment length results of the flow 
visualization observations and skin friction distributions. Both methods give 
perfectly matching results. 
In Figure 4.26 variation of reattachment length with ReH is presented. For ReH > 104 
the value of xR/H is at about 6.  
Figure 4.27 shows the reattachment length versus maximum turbulence intensity near 
the wall at the separation point. The maximum turbulence intensity is closely related 
to the reattachment length. Only a change in 2 percent of turbulence intensity near 
the wall introduces a change of 2 step heights in the reattachment length [11]. Present 
data is quite suitable with this. 
Table 4.2 : Results for the reattachment length. 
Model Reattachment Length xR/H 
Flow Visualization Results 
Reattachment Length xR/H 
Skin Friction Results 
1 6.3 6.3 
2 6.2 6.2 
3 6.3 6.3 
4 4.5 4.6 
5 5.9 5.8 
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Figure 4.26 : Variation of reattachment length with Reynolds number for backsteps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 4.27 : Reattachment length versus maximum turbulence intensity near the 
wall at the separation point. 
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4.3.6. Flow Downstream Reattachment 
In addition to the recovery of mean velocity, turbulence intensity, pressure and wall 
shear stress the recovery of the integral parameters is observed. In order to do this 
integral parameters such as δ*, θ, δ3, H1= δ*/θ and H2= δ3/θ are determined for 
downstream of the reattachment (Figure 4.28 – 4.32). The sudden displacement of 
the flow owing to the step is similar in all cases. The change of all parameters show 
clearly that the flow downstream of reattachment recover slowly.  
 
 
 
 
 
 
 
 
 
 
        Figure 4.28 : Distribution of displacement thickness along streamwise direction 
downstream of the step. 
 
 
 
 
 
 
 
 
 
 
             Figure 4.29 : Distribution of momentum thickness along streamwise 
direction downstream of the step. 
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            Figure 4.30 : Distribution of energy thickness along streamwise direction 
downstream of the step. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              Figure 4.31 : Distribution of shape factor H1 along streamwise direction 
downstream of the step. 
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               Figure 4.32 : Distribution of shape factor H2 along streamwise direction 
downstream of the step. 
5. CONCLUSIONS 
In the present work the backward facing step flow was employed to investigate flow 
separation experimentally. To prepare a different data than those of the available 
literature, a configuration with free upper boundary and high aspect ratio (step 
width/step height) was used. Five different base geometries for the step was chosen. 
It has been taken great care for being simple and compact by having the subject and 
its results in a certain volume. 
1. Present study is aimed to provide reliable experimental data for numerical 
studies. With a complete and new set of surface pressure, shear stress, mean 
velocity and turbulence data and with additional support of flow visualization this 
aim has been fulfilled. 
2. Glue-on probe shear stress measurements were employed successfully, which is  
new method in the İTÜ Trisonic Aerodynamics Laboratory. This method was 
initiated to serve as an experiment tool for further studies. 
3. Resulting data represent logical behavior for the model geometries. Basic step 
case has the results agreeing with the available literature which have similar 
Reynolds number values and flow characteristics. Curved step cases have smaller 
recirculation region, while the positive and negative slanted step cases has no 
significant difference than the basic step case. 
4. Flow visualization experiments and pressure measurements in lateral direction 
show that the flow remains two dimensional within z/H=±12.5. 
5. Hot wire and pressure probe measurements of mean velocity confirm each other. 
Both methods are very useful for predicting reliable data.  
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6. The maximum reverse velocity of u/U∞=0.21 is at about 62% of reattachment 
length for all the models, where the wall pressure is almost minimum. And this 
maximum occurs about 0.1H above the bottom wall. 
7. In the approaching boundary layer and recirculation region mean velocity 
profiles reach a maximum higher than freestream velocity at about 1.95H above 
the bottom wall. Profiles return to the freestream value at higher vertical points. 
This maximum of velocity profiles is getting higher with increasing x/H values, 
but it is getting lower then while drawing near the reattachment point, and 
vanishes just before the reattachment. Highest maximum is approximately 
1.05U∞ which occurs about 0.2xR just after the separation. 
8. Velocity profiles after the reattachment region appear to be typical of a 
redeveloping  turbulent boundary layer. But the velocity still has an inflection 
point at x/H=20 indicating that an equilibrium boundary layer profile is not yet 
developed. With increasing streamwise location turbulence profiles become 
smoother, but even at the last location of x/H=20 they are fairly far from being an 
equilibrium boundary layer turbulence profile. Integral parameters of the flow 
downstream reattachment support this observation. 
9. Turbulence intensity values before the reattachment region returns to freestream 
value at about 2.3H in y direction. But starting just before the reattachment the 
point where turbulence becomes freestream value is getting higher along the 
streamwise direction. 
10. Maximum turbulence intensity for all cases reaches a peak value approximately 
at about 0.9 xR, then decay rapidly. The locus of points (normal to the wall) 
where turbulence intensity is a maximum dips toward the wall in the 
reattachment region and then moves back out away from the wall downstream of 
reattachment. 
11. All the pressure distributions are matching on one curve when normalized with 
xR, which confirms the reattachment length values obtained by shear stress 
measurements and flow visualization experiments. 
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12. All the skin friction distributions are matching on one curve when normalized 
with xR, although not better than pressure distributions. 
13. Flow visualization photographs confirm the reattachment length predictions of  
wall shear stress measurements. 
14. Reattachment values obtained for all the models fall into the range of the 
predictions from earlier investigations. For basic step geometries with a flat base 
and turbulent initial boundary layer the value of the reattachment length is around 
6, which is very close to the present value of xR=6.3. 
15. The results obtained by the CFD code for the basic step case are acceptable. 
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APPENDIX  A   
 
 
MICROMANOMETER 
 
Furness Control Micromanometers are sensitive differential pressure measuring units 
with a total pressure range of 10.000:1 to an accuracy of 1% in any range (0.5% 
digital). Analogue versions can be read to 1% of each range . 
 
The measuring head consists of two cavities separated by a taut metal diaphragm, 
which, together with a fixed electrode on either side, forms two capacitors. These are 
part of the tuning capacitance of two circuits, equally coupled to an R.F. oscillator. 
Movement of the diaphragm, due to a pressure difference, changes the capacitance 
between it and each of the fixed electrodes and creates an impedance change in the 
circuits. The voltage balance produced is processed to give 0.1 V DC for each of the 
instrument's ranges. The diaphragm will respond to frequencies up to 200 Hz. 
 
A three pin DIN socket carries a 0.1 volt o/p on pin 1 for F.S.D. of meter. Pin 2 is 0 
V. Pin 3 provides marker  voltages of 0.1 volt per range. 
 
Specifications are:  
 
Measuring Unit 
 
Dial  Marking Pressure: 0-1000 mmH2O 
Calibration Temperature: 26 0C  
Input Voltage: 220 V AC 
Output Voltage: 0-1 V DC 
Slow Time Constant: 3 sec 
 
Transducer: 
 
Range: 1000 mmH2O 
Accuracy: ± 1% 
Linearity: ±0.5% 
 
 
 
 
 
 
APPENDIX B 
 
 
DATA ACQUISITION CARDS 
 
1-PCL-718 HIGH PERFORMANCE DATA ACQUISITION CARD 
 
The PCL-718 is a high performance, high speed, multi-function data acquisition card 
for the IBM PC/XT/AT or compatibles. The high-end specifications of this fullsize 
card and complete software support from third-party vendors make it ideal for wide 
range applications in industrial and laboratory environment, like data acquisition, 
process control, automatic testing and factory automation. 
 
The key features of this interface control card include: 
 
• Switch selectable 16 single-ended or 8 differential analog input channels 
• An industrial standard 12 bit successive approximation converter is used to 
convert analog inputs. The maximum Analog/Digital sampling rate is 60 kHz in 
DMA mode. With the option 001 which supplies a faster A/D converter, the PCL-
718 can accomplish 100 kHz sampling rate in DMA mode. 
• Switch selectable versatile analog input ranges: 
Bipolar: ±0.5 V,  ±1 V, ±2.5 V, ±5 V, ±10 V. 
Unipolar: +1 V, +2 V, +5 V, +10 V 
• Provide three A/D trigger modes: Software trigger, programmable pacer trigger 
and external pulse trigger. 
• A/D converted data can be transferred by program control, interrupt handler 
routine or DMA transfer. 
• An INTEL 8254 programmable timer/counter provides pacer (trigger pulses) at 
the rate of 2.5 Mhz to 0.00023 Hz (71 minutes/pulse) to the A/D. The time base is 
switch selectable 10 Mhz or 1 Mhz. One 16 bit counter channel is reserved for user 
configurable applications. 
• Two 12 bit monolithic multiplying D/A output channels. Output range of 0 to +5 
V can be created by using the on-board -5 V reference. External AC or DC reference 
can also be used to generate other D/A output ranges.  
• TTL/DTL compatible 16 digital input and 16 digital output channels.  
 
General features of this card are: 
 
• Power: +5 V: typ. 700 mA, max. 1 A 
• Consumption: +12 V: typ. 140 mA, max. 200 mA  
                           -12 V: typ. 14 mA, max. 20 mA 
• Input/Output connector: 20 pin post headers for all A/D I/O parts. 
• I/O base address: require 16 consecutive address locations. 
• Operating Temperature: 0 to +50 deg. C. 
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• Storage temperature: -20 to +65 deg. C. 
• Weight: 9.8 oz (277.6 gm) 
   
  
2-DAS-20 A/D&D/A DATA ACQUISITIONTION BOARDS 
 
MetraByte's DAS-20 is a multifunction, high-speed, A/D, I/O, expansion board that 
turns a host computer into a precision data-acquisition and signal-analysis 
instrument. The board plug directly into any expansion slot of an IBM PC/XT/AT or 
PS/2 models 25 and 30 or compatibles. 
 
Using state-of the-art data-conversion and digital-interface components, DAS-20 
design offers high data through out, high accuracy and low noise. 
 
 
The features of the card are: 
 
• Analog Input: 8 differential or 16 single-ended, switch selectable with software 
readable status channels. 12 bit resolution. 0.1% of reading ±1 LSB accuracy. 0 to 
+10 V, ±10 V, ±5V 0to 1 V. ±0.5 V, 0 to 100 mV. ±50 mV software selectable 
input ranges. Bipolar or Unipolar coding. 1 mA max input current. 
• A/D converter: Successive approximation type. 12 bits resolution. 8.5 µS (max) 
Conversion time, ± 1 LSB linearity, software command timer generated or 
external with programmable  trigger sources. Internal or external with 
programmable level gate sources. 
• Sample+Hold Amplifier: 1.9 to 1.5 µS to 0.01% accuracy acquisition time. 0.3 nS 
(typ) aperture?? uncertainty. 
• Analog Outputs: 2 independent channels. 12 bit, non-multiplying, double-buffered 
type. 0 to +10 V ±5 V ±10 V output ranges. Unipolar or Bipolar coding. Single 
write or DMA to either or both modes data transfer. 
• DMA Capabilities: 1 or 3 software programmable levels. By interrupt on terminal 
counter autoinitialize termination. ADC data to host, from host to either or both 
DACs paced by Timer 2 transfer modes. 
• Programmable counter Time: 5mhz, ±30 PPM / 0C Timebase internal time, 
CMOS, TTL, CMOS-compatible inputs, gate and source. 
• Power Supply: +5 V PC Bus, 1 A or less is recommended with 1.5 A as an 
absolute maximum loading. 
• Power Consumption: +5 V 1.6 A (typ), 1.8 A (max). 
• General Environmental: 0 to 50 0C operating temperature, -20 to +70 storage 
temperature, 14 ounces (396 gm) weight..       
 
 
3-GENERAL INTERFACE BUS (GPIB) 
 
The GPIB is a link, or interface system, through which interconnected electronic 
devices communicate. The original GPIB was designed by Hawlett-Packard to 
connect and control programmable instruments manufactured by Hawlett-Packard. 
Because of its high data transfer rates up to 1 megabyte/sec, the GPIB quickly gained  
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popularity in other applications such as inter computer communication and 
peripheral control. The versatility system prompted the name general  Purpose 
Interface Bus.  
 
National Instrument expanded the use of the GPIB among users of computers 
manufactured by companies other than Hawlett-Packard. National Instruments 
specializes both in high-performance, high-speed hardware interfaces and in 
comprehensive, full-function software that helps users bridge the gap between their 
knowledge of instruments and computer peripherals and of the GPIB itself.    
 
GPIB-PCIIA interface is used to interface IBM XT/AT compatible computers with 
the Traversing System interface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX  C   
 
 
HOT-WIRE ANEMOMETRY SYSTEM 
 
The Constant Temperature Anemometer (CTA) is used in a very broad range of basic 
and applied investigations of flow phenomena in gases and liquids. 
 
The standard probe sensing element is a small piece of wire of metal, which is heated 
by an electrical current. The probe constitutes the forth arm of a wheatstone bridge. 
The remaining parts of the bridge are located in the bridge module.  
 
The CTA main unit is the hearth of the measurement chain. It detects and outputs of 
the bridge voltage, which is a measure of the flow velocity. 
 
It is often necessary to perform some hardware signal processing before either 
presenting the results on the front panel of the system or transferring data to a 
computer. Computers are often used for final signal processing and data presentation. 
 
The hot-wire measurement system used in this study consists of the DISA 55M01 
Main Unit, the 55M05 Power Pack, 55M10 Standard Bridge, 55D25 Auxiliary Unit, 
55D31 Digital Voltmeter, and Keithley Metrabyte DAS 16 Accessory Board , 
Keithley Metrabyte DAS 20 A/D Interface and a PC with 80486 microprocessor. For 
the calibration of the probe a Gould 100 ms/sec oscilloscope was used.  
 
The 55M01 Main Unit  
 
Main Unit comprises: servoamplifier, filter, decade resistance, square-wave 
generator, protection and other auxiliary circuits. The amplifier front end uses extra-
low-noise transistors, which are kept at constant temperature to ensure a high degree 
of zero stability. The amplifier input connects directly to the plug-in unit and 
negative feedback to the amplifier input has been avoided so as to make feedback 
independent of bridge impedance. On the other hand, negative feedback has been 
provide around the rest of the amplifier in such a manner that a wide range of 
requirements are met. By means of switches in the plug-in unit, the feedback 
network can be given either flat or shaped frequency response. 
 
The voltage amplifier is allowed by a filter which limits the gain at high frequencies 
and can be altered from the front panel in six steps. Amplifier gain and high pass 
filter are provided to enable rapid adjustment of the anemometer system.       
 
The instrument has a built-in three frequency square-wave generator which is used to 
check the anemometer frequency response while the adjustments are being made. 
 
 113
55M10 CTA Standard Bridge: 
 
The 55M10 Standard Bridge is a general purpose bridge with a 20:1 bridge ratio that 
utilize the decade resistance in the main unit for setting probe overheat. It can be 
used with all standard probes in most applications. With a 5µm wire probe, the 
typical upper frequency limit is 200 kHz at 100 m/s. The 55M10 Standard Bridge is 
supplied with a cable compensation unit for use with a 5m probe cable which can be 
replaced with other units for 20 or 100 m cable as required. 
 
55D31 Digital Voltmeter: 
 
The type 55D31 digital Voltmeter is a DC voltmeter which is particularly suited for 
measuring the mean value of the anemometer output voltage. Time constant is 
selectable in the range from 0.1 to 100 sec in a 1-3 sequence. The voltmeter has an 
accuracy of 0.1 %. An important feature is the absence of current kickback to the 
input, which may occur in similar voltmeters and be the cause of measuring errors of 
various kinds. 
 
Single Wire Probe: 
 
The sensors are DISA P01 and P11 probes which are 5 µm Platinum-Plated Tungsten 
wires spot-welded to stainless-steel prongs embedded in a ceramic stem body. 
 
Software:  
 
Dantec has launched a new series of application software for fluid flow 
measurements. One of them is acq"WIRE"  which is used with any hot-wire/ hot-film 
anemometer system with single, "x", or triple sensor probes. The specification of this 
software is given in Appendix B.  
 
Adjustment Of Hot-Wire System For The Present Study: 
 
• Compansation for the time lag of the wire was determined by the square-
wave method and by using an oscilloscope. 
• The frequency response of the system was adjusted to give a maximum 
frequency response. 
• The hot-wire signal was low-pass filtered at 20 kHz before being 
digitized to avoid aliasing. 
 
 
 
 
 
 
 
 
 
APPENDIX  D   
 
 
acqWIRE HOT-WIRE ANEMOMETRY SOFTWARE 
 
"acqWIRE" is application software for Constant Temperature Anemometer (CTA) 
Systems. Intended for experimental measurement and analysis of fluid flows. The 
program performs data acquisition, instrument control, data processing, file 
manipulation and high resolution graphic outputting of results. "acqWIRE" can be 
used with any hot-wire/hot-film anemometer which outputs an analog signal in the 
range 0-10 Volts. It runs under MS-Dos on IBM XT/AT compatible, and IBM PS/2 
computer systems and features a modern user-interface with pull-down menus and 
pop-up windows. Other features include: context sensitive help, pop-up file 
directories, user control of plotting parameters, color graphic display and integrated 
traverse control. 
 
The "acqWIRE" performs the following functions: 
      
• automatic probe calibration, 
• plotting of calibration data with error analysis, 
• data acquisition, 
• conversion of probe voltages to velocity (one, two or three components depending 
on the probe used), 
• vector conversion to laboratory coordinates, 
• data storage in files which can be related at any time. Data files may be accessed 
from user-written programs or ASCII files,   
• computation of statistical results (mean, rms, turbulence intensity, mean square, 
skewness, flatness, and cross moments), 
• control of the traversing system, 
• integration of the traverse control with data acquisition for plotting profiles of 
statistical results, 
• calculation of and display of the block averaged power spectral density for any 
channel, 
• calculation and display of the auto-correlation function for any channel, 
• outputting of the high resolution, graphic plots to either printer or plotter.  
 
Specifications: 
 
Input: Analog input (0-10 V) from 1-16 CTA channels from any combination of 
single, "x" or triple sensor probes. 
Output: Listings and ASCII file of all raw and converted data. Single channel power 
spectral  density and autocorrelation curve. Graphics plots and ASCII files of profiles  
 
 115
of statistical results: mean, rms, skewness, flatness, and turbulence intensity for all 
measured velocity components. 
Sampling Frequency: 0-100 kHz 
Samples for Traverse Position: 16-32, 768 samples. 
Adjustable Plotting Parameters: Auto or manual scaling, log-log, semilog, or linear 
plots, 1-4 sets of data plotted on a single graph, or 1-4 graphs on a single page. 
 
Calibration:     
 
The effective velocity is the velocity that probe "sees". It is the combination of all 
cooling effects due to the velocity components on all three directions of the wire 
coordinate system.  
 
The anemometer output of the "jth" sensor, Ej is related to the corresponding effective 
velocity, Ueff j, by the calibration polynomial. 
 
For the polynomial curve fit of order "n", the calibration polynomial is given by: 
 
Ueff j = A0 + A1Ej + A2Ej2 +........ + AnEjn  
 
where A0, A1, ... An are called calibration coefficients. The effective cooling velocity, 
Ueff, is equivalent to the linearized anemometer output and they are optimised with a 
linear least-squares goodness-of-fit procedure. 
 
The Effective Cooling Velocity:  
 
A single sensor probe would measure one (and only one) fluid velocity component. 
Unfortunately, this is not the case. The thermal sensor is cooled by velocity 
components in all directions. It is not a single component, nor the magnitude of the 
velocity vector alone which cools the heated sensor, but rather on "effective cooling 
velocity" which is related to the magnitude of the velocity vector, but includes 
different effects from different velocity components in the wire coordinate system. It 
is essential to understand the effective cooling velocity in order to understand the 
angular response of thermal sensors, which is required to analyse multiple 
component fluid velocity measurements.  
 
The "cosine law" is a model for the angular response of thermal sensors which 
assumes the sensor to be insensitive to the component of velocity in the direction of 
the sensor. 
 
Using the Pythagarean Theorem, 
 
U = U1 i1 + U2 i2  + U3 i3 ,           U2 = U12 + U22 + U32  
 
The cosine law states that a thermal sensor is not cooled by the velocity component 
along the axis of the wire. 
 
U2eff 1 = U22 + U32 , U2eff 2 = U12 + U32,   U2eff 3 = U12 + U22  
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The Single sensor Probe:  
 
From the cosine law U2eff 2 = U12 + U32 , U3 can be neglected, U2eff 2 = U2 → U = Ueff 
2  
The results show that the linearized anemometer output, Ueff of a single sensor probe 
is a direct indication of the instantaneous component of fluid velocity in the x 
direction. 
 
Instantaneous Velocity Component: 
 
Reynold's decomposition to the instantaneous fluctuating components  
 
U(t) = U + u, V(t) = V + v, W(t) = W + w  
 
where the big letter denotes mean value, and small letter indicates fluctuating 
velocity component. 
 
Mean Value:   U
N
U n
n
N
=
=
∑1
1
( )  
 
where N is the number of samples in the record and U(n) is the velocity realization 
for the nth particle. 
 
Mean Square Value: u
N
U n U
n
N
2 2
1
1= −
=
∑ ( ( ) )  
 
Root Mean Square Value:  u urms = 2        
 
Turbulence Intensity: uti % = urms/U x100 
 
Adjustment Of The Software Parameters For The Present Study: 
 
• Number of samples: 1024 
• Sampling frequency: 1 kHz 
 
Calibration parameters: 
 
• Calibration algorithm: least-square 
• Order of polynomial: 4 
• Example for calibration coefficients: c(0) = -50.40, c(1) = 48.09,                       
c(3) = -19.03, c(4) = 1.93 
• Calibration temperature: 20-24 0C 
• Overheat ratio: 1.03 
• Coefficient of resistance: 0.96 
 
The sample size was selected that the probe had a sufficient dwell time at each 
measurement. 
 
 
 
 
 
 
APPENDIX  E 
 
 
TRAVERSE MECHANISM 
 
In this study, Dantec Traversing System was used. This system have a capability of 
moving the measurement probe in 3 direction (x-y-z) and of rotating the probe 3600 
around its axis. The system consists of a 57H10, 57H11 and 56H00 traversing 
mechanisms. These mechanisms can be controlled manually and by a computer. The 
57G15 Traversing Interface connects the traversing mechanisms to a PC. The 
communication is through a standard IEEE 488 (GPIB) interface card. The 57G15 
can control from 1 to 4 traversings.     
 
Dantec 56H00 Traversing Mechanism. 
 
The 56M00 Traversing Mechanism is a mechanical traversing and rotating device 
designed for use with the Dantec line of hot-sensor anemometers. The primary 
function of the units are to move the probe of a hot-sensor anemometer and rotate the 
probe body axis. The design of the traversing mechanism provides a system which 
interferes as little as possible with the flow under investigation. Traversing 
mechanism is driven by a DC-motor. A digital position feedback is derived from 
optical encoder pulses.  
 
The traversing units may be controlled from the manual control box, or from a 
remote computer via the 57G15 Traversing Interface unit.  
 
Input to the mechanical units in manual and remote control operation is a voltage 
signal in the ±10 V range. This signal controls motor motion via the driver amplifier.  
 
Technical Data:   
 
Encoder Conversion Ratio: 237.6 pulses/mm, 16.58 pulses/ 0 
Gear Ratio in Rotation Unit: 1:1 
Rotation Speed: 430 0 /sec 
Traversing Speed: 30 mm/sec 
Motor Power: Traversing 100 Nm at 400 mA/24V    
                        Rotation    0.5Nm at 400 mA/24V  
Bucflash: Traversing < 0.3 mm 
                Rotation 20 
Repetability and Min. Movements: Traverse of 100N load: ±0.04mm 
                                                     Rotation ±0.30 
Range: 2-1000 mm 
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Dantec 57H10/11 Traversing Mechanism. 
 
The 57H10/11 Traversing mechanism is a linear, mechanical traversing device 
designed for use with the Dantec line of optical and hot-sensor anemometers. The 
primary function of the unit is to move the measuring point of a measuring 
transducer, e.g., the front lens or mirror of a laser-anemometer, or a probe of a hot-
sensor anemometer. However, the traversing system is made p of modular units, and 
the applications both in flow measurements and in other situations are innumerable. 
 
The traversing mechanisms are driven by DC motors, but a digital position feedback 
is derived from optical encoder pulses, and the units can be digitally controlled 
through the 37G15 Traversing Interface. Thus, the design combines the advantages 
of the relatively small, powerfull DC motor with digital control. The traversing units 
can be also manually controlled through the manual control box.. 
 
The input to the mechanical units in manual as well as remote control operation is a 
voltage signal in the range ±10 V. This signal controls the motion of the motor. The 
units output encoder pulses, which are used by the 57G15 Traversing Interface to 
establish the actual position. 
 
Technical Data:  
 
The specifications of the total mechanical sub-system vary according to the 
configuration. A standard 2-axis (x-y) traversing system has the following 
mechanical specifications: 
 
Scan Range: 600 mm 
Resolution: 240 encoder pulses/mm 
Repeatability: Horizontal: ±4 encoder pulse  
                     Vertical: ±4 encoder pulses max load 3 kp 
                                   ±8 encoder pulses max load 8 kp 
                                   ±16 encoder pulses max load 16 kp 
Backflash: < 0.1 mm 
Scan Rate: 20 mm/sec 
Power Supply: ±15 V unregulated. 
Power Consumption: max. 25 W/channel 
 
Dantec 57G15 Traversing Interface. 
 
 Technical specifications: 
 
Standard Resolution: 240 pulses/mm 
Repeatability: ± 4 encoder pulses (=4/240 mm)   
                    ± 8 encoder pulses (=8/240 mm)  
                    ± 16 encoder pulses (=16/240 mm) 
Backflash: < 0.1 mm 
Scan rate: >20 mm/sec 
Standard Bench Length: 600 mm 
Operating Temperature: 5 to 40 0C ambient 
 
 
 
 
 
APPENDIX  F 
 
 
UNCERTAINTY 
 
 
The Concept of Uncertainty 
 
Since no measurement is perfectly accurate, methods for describing inaccuracies are 
needed. It is agreed that the appropriate concept for expressing inaccuracies is an 
“uncertainty” and that the value should be provided by an”uncertainty analysis.” An 
uncertainty is not the same as an error. An error in measurements is the difference 
between the true value and the recorded value; an error is a fixed number and cannot 
be a statistical variable. An uncertainty is a possible value that the error might take 
on in a given measurement. Since the uncertainty can take on various values over a 
range, it is inherently a statistical variable. Uncertainty can be thought of as 
ahistogram of values. In any experiment that is under adequate control, this 
histogram must peak at or near the central value and decrease toward zero as the 
measurement gets further away from the central value on either side [63]. 
 
The real errors in experimental data are those factors that are always vague to some 
extent andcarry some amount of uncertainty. This uncertainty may vary a great deal 
depending on the circumstances of the experiment. Our task is to determine just how 
uncertain an experiment may be and to devise a consistent way of specifying the 
uncertainty in analytical form [64]. 
 
 
Uncertainty of Measurements 
 
a- Pressure Measurements: 
 
Pressure measurements were made by using a micromanometer described in 
Appendix A. This micromanometer has an accuracy of ±1% when using its 
indicator. In case of collecting the data digitally by using a computer the 
accuracy is ±0.5%. 
 
Velocity from Pressure Measurements: 
 
For the tunnel freestream velocity and pressure probe velocity measurements the 
same calculation was made. Here: 
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velocity can be written as 
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For g, ρ and R uncertainties are negligible. Other quantities with uncertainties 
are: Q ± ∆Q, T ± ∆T and P ± ∆P. Then the following can be written: 
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Inserting corresponding values: 
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Pressure Coefficient: 
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b- Hot Wire Measurements: 
 
Uncertainties in hot wire measurements arise from a variety of sources including 
the finite probe size, non-cosine response behaviour, out-of-plane velocity 
components, temperature drift and calibration uncertainties. 
 
The analysis here does not take into account probe alignment and probe bias 
errors. Uncertainty analysis for hot wire was done for calibration according to 
suggestion of Yavuzkurt [65]. 
 
The hot wire calibration process involves folowing: 
 
• Hot wire is attached to a CTA 
• Anemometer is adjusted 
• Wire is in an isothermal flow with no velocity fluctuations. 
• Velocity of the flow is determined by measuring pressure difference by 
using a micromanometer. 
• Anemometer output E (in volts) and the micromanometer reading are 
detected. 
 
Uncertainty for velocity was ±1.28%. For the total uncertainty of the calibration 
the contribution of uncertainty of the curve fit procedure for the resulting 
calibration curve should be calculated (
ff UU ∆± ). The instantaneous velocity 
measured (Ueff) with this calibration will have uncertainty of 
 
2/122
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∆+⎟⎠
⎞⎜⎝
⎛ ∆=∆
f
f
eff
eff
U
U
U
U
U
U    (F.12) 
 
Uncertainty for the curve fit could be determined from 
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Table A.1 shows a typical calibration data. According this data the contribution 
of the uncertainty due to the curve fit is: 
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And total uncertainty for the hot wire velocity is: 
 
 122
( ) 0165.00104.00128.0 2/122 ≅+=∆
eff
eff
U
U   (F.15) 
 
The uncertainty in the mean velocity and rms component of the effective 
velocity have the same percent error as the instantaneous velocity [65] and 
estimated as ±1.65% for the present study. 
 
 
Table F.1 :  Calibration data. 
 
E (Volt) U (m/s) Uf (m/s) ∆Uf/U 
2.975 1 0.9871 -0.0129 
3.012 2 2.0318 0.0159 
3.042 3 2.9697 -0.0101 
3.073 4 4.0074 0.0018 
3.103 5 5.0694 0.0139 
3.229 10 10.0495 0.0050 
3.336 15 14.8434 -0.0104 
3.440 20 19.9433 -0.0028 
 
 
c- Wall shear stress and skin friction coefficient: 
 
The same procedure was applied to wall shear stress calibration data and the 
uncertainties for wall shear stress and skin friction coefficient were estimated as 
±2.92% and ±2.96% respectively. 
 
Summary: 
 
Uncertainty estimates for all measurands are tabulated in Table A.2. 
 
Table F.2 : Uncertainty estimates 
 
Measurand Uncertainty
u ±%1.3 
u/U∞ ±%1.7 
√u’2/U∞ ±%1.7 
Cp ±%0.7 
Cf ±%3.0 
xR ±%0.4 
 
 
 
 
 
 
 
 
APPENDIX  G 
 
 
NUMERICAL WORK 
 
 
A commercial CFD solver was used in the present work [66]. 
 
Some of the conditions  is listed below: 
 
1- Double precision solver was used. 
2- k-w turbulence model (k-w SST) 
3- Cell size near the wall was 0.005. 
4- 14 layer grid of quadratic elements in the boundary layer (Figure G.1) 
5- Coupled solver. 
6- Frestream conditions as initial conditions. 
7- Streamwise mean velocity profile at x/H=-3 was given as inlet boundary 
condition. 
8- Upper boundary of the solution field was taken as symmetric boundary. 
9- Atmospheric pressure conditions at outlet was used. 
10- 2nd order discretization for the solution and 1st order discretization for the 
trurbulent kinetic energy was used. 
11- Courant number (CFL) was increased during solution progress starting with 
2. It was 20 in last 2000 iterations. 
12- Solution was converged in 6000 iterations. 
 
 
Figure G.1 :  Solution grid  
 
 
 
 
 
 
VITAE 
 
 
 
Özlem İLDAY was born in İstanbul, Turkey, on May 14, 1967. He has completed his 
Lycee education in İstanbul Erkek Lisesi. In 1985 he attended the Faculty of 
Aeronautics and Astronautics of İTU as an undergraduate student and in 1989 
graduated with a degree of Bachelor of Science in Aeronautical Engineering. He 
continued his study in the M.S. Programme of the Institute of Science and 
Technology of İTU and was employed by the Faculty of Aeronautics and 
Astronautics as a Research Assistant. He received a degree of  Master of Science in 
1991. In the same year he attended the Ph.D. Programme of the Institute of Science 
and Technology of İTU. 
 
In 1995, he was employed by Boğaziçi Yazılım A.Ş., a private company working on 
the subject Computer Aided Design and Manufacturing. At the end of the year 1997 
he began his military duty leaving his job. He finished this duty in March, 1999. He 
worked for Demisaş A.Ş. in 1999 and for Boğaziçi Yazılım again in 2000. Since the 
end of 2000 he works for Destek Yazılım Ltd. Şti. which he owns.   
 
He has 1 paper and 1 technical note printed in the international journals. He has been 
married since 1994 and has a son.  
 
 
 
